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Nopp140 is believed to play a chaperone function in pre-rRNA processing and ribosome assembly.  
Alternative splicing in Drosophila may yield two isoforms: the first, Nopp140-True, shares a conserved 
carboxy terminus with human Nopp140.  The second contains a distinctive glycine and arginine rich 
(RGG) carboxy terminus typically found in vertebrate nucleolin.  To further characterize Nopp140 in 
Drosophila, we expressed interfering RNAs in transgenic flies using the GAL4 inducible system.  
RT-PCR and Western blot analyses showed a loss of Nopp140 mRNA and protein in transgenic larvae.  
Resulting phenotypes fall within the Minute syndrome of Drosophila; they include slow growth, larval 
and pupal lethality, or variably deformed wings, legs, and tergites in surviving adults.  Analogous to the 
Drosophila Minute syndrome is the human Treacher Collins syndrome which displays craniofacial birth 
defects due to the haplo-insufficiency in treacle, a nucleolar protein structurally related to Nopp140.  
We further show that severe over-expression of GFP-Nopp140-True or GFP-Nopp140-RGG in a 
GAL4-dependent manner is also embryonic and larval lethal.  We could mutually complement 
RNAi-induced lethality and lethality caused by over-expression in trans-heterozygous flies.  Expressing 
either of the two Nopp140 isoforms rescued RNAi-induced lethality, suggesting functional overlap 
between the two proteins. 
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Chapter 1. Literature Review 
The Nucleolus  
Nucleoli exist in almost all eukaryotic cells. The nucleolus is the largest organelle in the 
nucleus. It has the highest density of any part of the cell. The difference in density and refractive 
index between the nucleolus and the surrounding nucleoplasm make the nucleolus readily visible 
in either live or fixed cells as viewed by phase contrast or differential interference contrast optics 
(Lam et al, 2005). Three subcompartments have been identified within the interior of the 
nucleolus. These include the fibrillar centers (FCs), which are surrounded by dense fibrillar 
components (DFCs). The FC-DFC complexes are then embedded in the granular component 
(GC). The general structure of a nucleolus (FC, DFC, and GC) is present at chromosomal loci 
called nucleolar organizing regions (NORs) only during interphase when rDNA transcription is at 
its peak. The nucleolus is involved in the transcription of tandemly repeated rRNA genes. It is 
generally accepted that rRNA transcription occurs at the border between the FC and the DFC, 
and processing and ribosome assembly occur in the DFC and GC (Dundr and Raska, 1993; 
reviewed in Scheer and Hock, 1999). 
The discovery of the chromosomal NORs established the nucleolus as a genetically 
determined element (McClintock, 1951). Its primary function is involved in ribosomal RNA 
(rRNA) transcription, pre-rRNA processing and ribosome subunit assembly (reviewed by Olson 
et al, 2002; Lam et al, 2005).  Recently, functions not associated with ribosome production have 
been attributed to the nucleolus. Such non-traditional roles involve cell cycle regulation in yeast, 
aging in yeast and mammals, regulation of tumor suppressors, partial assembly of the signal 
recognition particle, processing of certain tRNAs and spliceosomal small nuclear RNAs, DNA 
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damage repair (van den Boom et al, 2004), the regulation of telomerase activity (de Lange, 2004), 
and regulation of protein stability (Mekhail et al, 2004; Rodway et al, 2004).  
The nucleolus is a dynamic structure that assembles around the clusters of rRNA gene 
repeats during late telophase, persists throughout interphase, and then disassembles as cells enter 
mitosis. Nucleoli can be isolated by sucrose-gradient centrifugation following the disruption of 
nuclei by sonication. Over 400 nucleolar proteins were identified using MALDI–TOF 
(matrix-assisted laser-desorption ionization–time-of-flight), nanoelectrospray MS, and 
LC–MS/MS (Scherl et al, 2002). 
Ribosome Biosynthesis 
In eukaryotic cells, the information contained in mRNAs is translated into protein by the 
ribosome and associated factors. The eukaryotic 80S ribosome is composed of a small 40S 
subunit and a large 60S subunit. In S. cerevisiae, the 40S subunit contains an 18S rRNA molecule 
and 32 ribosomal (r)-proteins, while the 60S subunit contains three rRNA species, 5S, 5.8S and 
25S rRNA, and 46 r-proteins. The interface region between the two subunits provides the active 
surface at which the mRNA and the aminoacyl-tRNA interact (Fromont-Racine et al, 2003). 
Eukaryotic ribosome assembly is best understood in yeast where a large number of ribosome 
precursors have been isolated and their components identified. Ribosome biogenesis factors and 
mechanisms are well conserved throughout eukaryotes. 
In yeast, the ribosomal RNAs (except 5S rRNA) are transcribed in the nucleolus as one giant 
35S precursor RNA by RNA polymerase I (Figure 1.1) (Fromont-Racine et al, 2003). The coding 
gene is highly repetitious. The yeast rDNA unit consists of the 35S pre-rRNA operon and two 
non-transcribed spacers, interrupted by the 5S rRNA gene. The large 35S pre-rRNA transcript is 
formed consisting of 5’-ETS -- 18S – ITS -- 5.8S – ITS -- 25S – ETS-3’ (ITS and ETS: internal 
and external transcribed spacers) (Figure 1.1A). The transcription rate is very high and many 
 3
RNA Pol I complexes operate on the same transcription unit, which gives a Christmas tree-like 
appearance to the transcriptionally active DNA.   Co-transcriptional cleavage in the 3'-ETS by 
endo-ribonuclease generates the longest detectable transcript, the 35S pre-rRNA. The 35S 
pre-rRNA is subsequently processed into mature 18S, 5.8S and 25S rRNA by exo- and 
endo-nucleolytic cleavages and by covalent nucleotide modifications guided by snoRNAs and 
proteins. The 35S pre-rRNA is cleaved into the 33S pre-rRNA and then 32S pre-rRNA, which is 
then split into the 20S and 27S pre-rRNAs. The 5' part of the molecule, 20S pre-rRNA, is 
exported to the cytoplasm where it is converted into the mature 18S rRNA species by cleavage at 
site D.  Processing of the 3' product 27S pre-rRNA occurs by two alternative pathways, both 
generating the 25S and 5.8S rRNAs. The 5S rRNA is transcribed in the nucleoplasm by RNA 
polymerase III, and then transported to the nucleolus to assembly with the large subunit.  
The 35S pre-rRNA associates with many early-assembly small and large subunit r-proteins 
and 5S rRNA, as well as many non-ribosomal factors such as the U3 snoRNA to assemble 
co-transcriptionally into a 90S pre-ribosomal particle. The 90S particle is then split into 66S and 
43S pre-ribosomal particles containing 27S and 20S pre-rRNAs, respectively (Figure 1.2) 
(Fromont-Racine et al, 2003). Later assembly of r-proteins and non-ribosomal factors occurs 
within these particles. The 43S pre-ribosomal particle is rapidly exported through nuclear pore to 
the cytoplasm where the final mature 18S rRNA and 40S r-subunit are assembled. The 66S 
pre-ribosomal particle remains in the nucleus until maturation of both 5.8S and 25S rRNA is 
completed. The 66S particle is then exported to the cytoplasm where assembly of the mature 60S 
r-subunit is completed by the incorporation of a few more r-proteins. 
A large number of snoRNAs and non-ribosomal proteins are also recruited to the nucleolus 
to participate in the chemical modification, processing, and assembly of the rRNAs and proteins 
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into the pre-ribosomal particles. These pre-ribosomal particles mature into nearly complete 
ribosomal subunits prior to their export out of the nucleus.  
Maturation of the rRNA is accompanied by the addition of many covalent modifications, 
mostly 2'-O-ribose methylation and pseudouridination. The modifications are strictly confined to 
the universally conserved core secondary structure of the rRNA, with a distinct clustering in 
regions implicated in ribosomal function. Numerous snoRNAs guide the modification, which 
include two major classes namely the box C/D and box H/ACA snoRNAs. Each box C/D 
snoRNA base-pairs to either one or two 2'-O-ribose methylation sites. Each box H/ACA snoRNA 
binds to either one or two sites of pseudouridine formation.  
Eukaryotic ribosome assembly also requires a large number of non-ribosomal proteins that 
act at different levels of ribosome maturation. Most of these pre-ribosomal proteins were recently 
identified by affinity purification of ribosome intermediates (Fromont-Racine et al, 2003). 
Maturation of the ribosomal rRNA and its assembly into ribosomal subunits involves at least 170 
accessory proteins comprising endo- and exo-ribonucleases, putative ATP-dependent RNA 
helicases, ‘chaperones’ or ‘assembly factors’ and nearly as many small nucleolar 
ribonucleoprotein particles (snoRNPs) (Venema and Tollervey, 1999；Kressler et al, 1999). This 
large number is related to the peculiar and elaborate system of ribose methylation or 
pseudouridine formation in eukaryotes where the specificity of the target site is dictated by RNA 
hybridization between the box C/D and box H/ACA snoRNAs and the pre-rRNA (Ofengand and 
Bachellerie, 1998; Bachellerie et al, 2000). At least four snoRNPs, including the U3 snoRNP, 
participate in the early cleavages of the primary 7 kb, 35S transcript.  
The U3 snoRNA is associated with the 90S pre-ribosomes and has an essential role in the 
processing of these particles by direct interactions with the 35S pre-rRNA (Sharma and Tollervey, 
1999), but it also exists independently in small ribonucleoprotein particles containing a few 
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‘integral’ U3 snoRNP proteins, including Nop1, Nop56 and Nop58, and Snu13 (all components 
of C/D box snoRNPs) as well as specific proteins like Rrp9 (Watkins et al, 2000). 
Chen et al (2001) reported that there is an important cycling of processing factors between 
the nucleus and the nucleolus (Chen and Huang, 2001). The diffusion of proteins within the 
nucleolus was much slower for a ribosomal protein than for pre-ribosomal factors, such as B23, 
indicating the dynamic nature of protein recycling during ribosome biogenesis.  
 
Figure 1.1  Pre-rRNA processing in S. cerevisiae. A: Structure of the pre-rRNA 35S containing 
the mature rRNAs, 18S, 5.8S and 25S. B: Schematic representation of the rRNA processing 
pathway. (Adapted from Fromont-Racine et al, 2003) 
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Figure 1.2  A simplified view of the ribosome synthesis pathway. The figure shows the fact that 
assembly of the small ribosomal subunit starts while the pre-rRNA 35S is still transcribed. The 
early dichotomy of the 40S and 60S processing machinery is symbolized by the relative higher 
content of mature 40S ribosomal proteins in the 90S- ribosomes. (Adapted from Fromont-Racine 
et al, 2003) 
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Non-ribosomal Nucleolar Proteins 
Nucleolin 
Nucleolin is a major nucleolar phosphoprotein of 90-110 kDa that contains several distinct 
functional modules. It has multiple chaperone-type roles in ribosome synthesis and nuclear 
processes (Srivastava and Pollard, 1999). Nucleolin directly interacts with the pre-rRNA through 
its four central RNA-binding domains, and it appears to recruit other factors such as U3 snoRNP 
to the early cleavage sites (Ginisty et al, 1998). Interaction of nucleolin with the pre-rRNA 
substrate is required for the first pre-rRNA processing step. It dissociates from rRNA before 
ribosome accumulation in the cytoplasm. 
Nucleolin contains three different structural domains. The N-terminal domain is made up of 
highly acidic regions interspersed with basic sequences. Beside Glu and Asp, the acidic regions 
contain phospho-Ser. The basic regions contain CdK1/cyclin B phosphorylation sites. The central 
domain contains four RRM-type (RNA recognition motif) RNA binding domains. The 
C-terminal domain, GAR or RGG, is rich in glycine, arginine and phenylalanine residues. The 
C-terminal GAR/RGG domain is defined as spaced Arg-Gly-Gly (RGG) repeats interspersed 
with amino acids such as Phe. Several RNA-associated proteins contain repeating RGG motifs 
(Burd, 1994). It seems that the RGG motif is particularly frequent in nucleolar proteins. For 
example, fibrillarin is another nucleolar protein with several clustered RGG motifs. Structural 
studies of this domain indicate that it can adopt repeated β-turns (Ghisolfi et al, 1992). The GAR 
domain of hamster nucleolin interacts nonspecifically with RNA, leading to unstacking and 
unfolding of RNA secondary structure (Ghisolfi et al, 1992). The presence of this GAR domain 
does not influence the binding affinity and specificity for the nucleolin recognition element 
(Ghisolfi-Nieto et al, 1996; Serin et al, 1997), but one function of this domain could be to 
 8
facilitate the interaction of nucleolin RNA-binding domains with targets located within large and 
complex RNA, such as the pre-rRNA (Ghisolfi, et al, 1992; Heine, et al, 1993). Recently it was 
shown that the GAR domain is also a protein-protein interaction domain. The hnRNP A1 GAR 
domain interacts in vitro with itself and with other hnRNP proteins (Cartegni et al, 1996). The 
GAR domain of mouse nucleolin, and probably also of the yeast gar2 protein, interacts with 
several ribosomal proteins (Bouvet et al, 1998; Sicard et al, 1998). The GAR domain contains 
high levels of NG, NG-dimethylarginine (Lischwe et al, 1982). This modification is not absolutely 
required for the non-specific interaction of the GAR domain with RNA (Serin et al, 1997), or for 
the interaction with other proteins (Bouvet et al, 1998). Greg Pellar showed that the methylation 
is not required for nucleolar localization (Pellar and DiMario, 2003). However, it could be an 
important signal for the regulation of these interactions, and the stability of the protein. The 
closest homologue of nucleolin in Drosophila is modulo. 
Fibrillarin 
Fibrillarin is common to all box C/D snRNPs that guide 2’-O-methylation of pre-rRNA. It is 
highly conserved from yeast to human. Human fibrillarin contains an amino-terminal domain that 
is rich in glycine and arginine residues (GAR domain), a central RRM-type RNA-binding domain, 
and a C-terminal -helical domain (Aris and Blobel, 1991; Newton et al, 2003). The crystal 
structure of a fibrillarin homolog from archaebacteria revealed that the overall fold of its 
C-terminal domain was similar to the catalytic domain common to many 
S-adenosylmethionine-dependent methyltransferases (Wang et al, 2000). The archaebacterial 
homologs, however, lack the N-terminal GAR domain that is present in eukaryotic versions of 
fibrillarin (Amiri, 1994). Fibrillarin has been highly conserved throughout eukaryotic evolution, 
and phylogenetic analysis determined a high sequence identity in the C-terminal domain among 
many fibrillarin homologs, strongly suggesting that they all contain a methyltransferase folding 
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domain (Wang et al, 2000). A fibrillarin knockout (disruption of Nop1) is lethal in S. cerevisiae, 
and expression of human or Xenopus fibrillarin can functionally replace the yeast Nop1 (Jansen et 
al, 1991). A series of temperature-sensitive lethal point mutations demonstrated that fibrillarin is 
involved in several functions, namely pre-rRNA processing and modification and ribosome 
assembly (Tollervey et al, 1993). Moreover, a point mutation in the putative methyltransferase 
domain of the yeast Nop1p inhibits the overall ribose methylation of rRNAs (Tollervey et al, 
1993). This suggests that fibrillarin is the methyltransferase in box C/D snoRNPs.  Drosophila 
has a typical fibrillarin. 
B23 
B23 (36 kDa) is an abundant, conserved protein in vertebrates that resides prominently in 
GC of nucleoli, although it shuttles rapidly between the nucleus and cytoplasm (Borer et al, 1989).  
B23 is a multifunctional protein primarily associated with ribosomal protein assembly and 
transport. It is also involved in centrosome duplication, targeting proteins to nucleoli, and 
preventing protein aggregation (Li, et al, 1996; Li, 1997; Okuda et al, 2000; Szebeni, et al, 1999; 
Valdez et al, 1994). B23 promotes cell growth and survival, and it is typically up-regulated by 
mitogenic signals (Zeller et al, 2001). Malignant and actively dividing cells express elevated 
levels of B23, and cells expressing large amounts of B23 are resistant to apoptosis induced by 
either UV damage or hypoxia (Knudsen et al, 2000; Li et al, 2004). Conversely, B23 
down-regulation delays the cell cycle and M-phase entry (Jiang and Yung, 1999).  B23 interacts 
directly with the tumor suppressor p53, regulates the increase in stability and transcriptional 
activation of p53 after different types of stress, and induces p53-dependent premature senescence 
on over-expression in diploid fibroblasts (Colombo et al, 2002; Itahana et al, 2003). B23 is not 
found in Drosophila. 
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Nopp140 and Its Functions 
Nopp140 is another non-ribosomal nucleolar phosphoprotein. Its function is still largely 
unknown. It was reported to function as a chaperone in the transport of ribosomal proteins into 
the nucleus, and perhaps the transport of ribosomal subunits out of the nucleus (Meier and Blobel, 
1992). The large central domain of Nopp140 contains stretches of acidic (Glu, Asp) and serine 
residues that provide numerous casein kinase II (CKII) phosphorylation sites (Shaw and Jordan, 
1995; Meier and Blobel, 1994). In intact cells, Nopp140 can be highly phosphorylated by CKII.  
Rat Nopp140 has 49 phosphorylation consensus sites for CKII, and upon their phosphorylation, 
an additional 33 sites will be phosphorylated, giving an apparent molecular mass of 140 kDa on 
SDS-PAGE. Only phosphorylated Nopp140 binds to the nuclear localization sequence-containing 
peptide, and the nuclear localization sequence binding ability of the protein seems to be 
dependent on its phosphorylation (Xue and Melese, 1994). 
CKII is a multifunctional second messenger-independent protein serine/threonine kinase that 
phosphorylates many different proteins. Nopp140 was identified as a CKII-associated protein by 
using immobilized glutathione S-transferase fusion proteins of CKII (Li et al, 1997). Nopp140 
binds primarily to the CKII regulatory subunit, . The possible in vivo association of Nopp140 
with CKII was also suggested from a co-immunoprecipitation experiment in which Nopp140 was 
detected in immunoprecipitates of CKII prepared from cell extracts. Further studies using an 
overlay technique with radio-labeled CKII as a probe revealed a direct CKII-Nopp140 interaction. 
Using deletion mutants of CKII  subunits, the binding region of the CKII  subunit to Nopp140 
has been mapped. It was found that the NH2-terminal 20 amino acids of CKII  are involved.  
Nopp140 as a Linker between the Nucleolus and Cajal Body 
The nucleoplasm is highly compartmentalized despite the absence of separating membranes. 
Nuclear domains include the nucleolus, the Cajal bodies, the interchromatin granule clusters, the 
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perichromatin fibrils, and a host of other nuclear bodies that can be distinguished at the EM level 
or by immunofluorescent labeling of specific marker proteins (Brasch and Ochs, 1992; 
Strouboulis and Wolffe, 1996). Most of these subnuclear compartments are highly dynamic 
structures whose size, shape, and location constantly change according to metabolic activities. In 
addition, several of these compartments appear functionally linked, such as the nucleolus and 
Cajal body (Raska et al, 1990). 
Cajal bodies are small nuclear organelles that are highly enriched in small nuclear RNAs 
(Gall et al, 1999). Cajal bodies harbor mainly three classes of small nuclear RNPs (snRNPs) that 
are involved in pre-mRNA splicing, pre-ribosomal RNA processing, and histone pre-mRNA 
3'-end formation (Bohmann et al, 1995). It has, however, been demonstrated that none of the 
target RNAs for these snRNPs are present in Cajal bodies. Therefore, it appears that Cajal bodies 
function in the biogenesis or the storage of these snRNPs. The Cajal body may be analogous to 
the function of another prominent nuclear organelle, the nucleolus, which forms large RNPs, the 
ribosomes. Cajal bodies are often located in the vicinity of nucleoli, or they may be physically 
attached to them (Lafarga et al, 1983; Ferreira and Carmo-Fonseca, 1995).  
Nopp140, together with other components, are present in both nucleoli and Cajal bodies 
(Jiménez-García et al, 1994; Meier and Blobel, 1994). Isaac et al (1998) reported that Nopp140 
functions as a molecular link between nucleoli and Cajal bodies by transient transfections, 
mutational analysis, and by the yeast two-hybrid system (Isaac et al, 1998). Exogenous Nopp140 
accumulated in the nucleolus rapidly, but in Cajal bodies only after a lag phase. This suggested a 
pathway between the two organelles. The expression of Nopp140 truncations (the carboxy tail, 
NoppC) exerted dominant negative effects on the endogenous Nopp140 by chasing it and other 
antigens out of the nucleolus. The alternating positively (basic) and negatively (acidic) charged 
repeat domain of Nopp140 was required for targeting to both organelles. In addition, certain 
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Nopp140 truncations caused formation of novel structures in the nucleoplasm and, in the case of 
the conserved carboxy terminus, led to the dispersal of Cajal bodies. Isaac et al. finally showed 
by yeast two-hybrid screen that Nopp140 interacts with p80 coilin, a Cajal body specific marker 
protein. This interaction was further confirmed by co-immunoprecipitations.  
Taken together, Nopp140 is a resident protein of both the nucleolus and the Cajal bodies 
(Meier and Blobel, 1990, 1994); The temporal lag between its accumulation in the nucleolus and 
the Cajal bodies suggests that the pathway to the Cajal bodies leads through the nucleolus. The 
dominant negative effect of NoppC selectively disturbs the localization of antigens common to 
both organelles, and causes dispersal of Cajal bodies; and finally Nopp140 not only interacts with 
nucleolar antigens (Meier and Blobel, 1994; Li et al, 1997), but also with the Cajal body-specific 
p80 coilin. Thus, Nopp140 appears to shuttle between the nucleolus and the Cajal bodies, and to 
chaperone the transport of molecules between the two organelles. In an alternative kinetic 
argument, Nopp140 may rapidly travel through Cajal bodies to the nucleolus, and only become 
visible in Cajal bodies as a backlog once all the sites in the nucleolus are saturated. Either model 
suggests a pathway for Nopp140 between the nucleolus and the Cajal bodies. 
Nopp140 Interacts with Box H/ACA and Box C/D Small Nucleolar Ribonucleoprotein 
Particles 
Small nucleolar ribonucleoprotein particles (snoRNPs) catalyze the chemical modification 
of pre-rRNA. In the nucleolus, rRNA is heavily modified co-transcriptionally on specific 
nucleotides by 2'-O-methylation and pseudouridylation (Maden, 1990). The two major classes of 
snoRNAs, box H/ACA and box C/D which are distinguished by short conserved sequence 
elements, function in the pseudouridylation and 2'-O-methylation of specific nucleotides in the 
pre-rRNA, respectively. The specific site of modification is achieved by base pairing of short 
stretches of the snoRNAs to complementary sequences of the rRNA that flank the nucleotides to 
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be modified (Maxwell and Fournier, 1995; Smith and Steitz, 1997; Tollervey and Kiss, 1997). 
The isomerization of up to 100 uridines to pseudouridines ( s) in eukaryotic rRNA is guided by a 
similar number of box H/ACA small nucleolar RNAs (snoRNAs). Each box H/ACA snoRNP 
consists of a unique small nucleolar RNA (snoRNA) and a common set of four core proteins: 
NAP57, GAR1, NHP2, and NOP10.  Box C/D snoRNPs form another major class of snoRNPs 
that mainly guide the 2'-O-methylation of rRNA. Similar to box H/ACA snoRNPs, they consist of 
a unique box C/D snoRNA and a set of four common core proteins: the methylase fibrillarin 
(Nop1p in yeast), NHP2L1/15.5-kDa protein (Snu13p), NAP65 (Nop5/58p), and NOP56 
(Nop56p) (Filipowicz and Pogacic, 2002).  
Meier’s group reported that rat Nopp140 shuttles between the nucleolus and the cytoplasm 
on intranuclear tracks (Meier and Blobel, 1990, 1992, 1994). Meier subsequently identified the 
Nopp140-associated protein NAP57, the putative pseudouridylase of rRNA (Meier and Blobel, 
1994; Koonin, 1996). Mammalian rRNA pseudouridylase activity is dependent on box H/ACA 
snoRNAs. Thus, Nopp140 may be associated with box H/ACA snoRNPs.  
Yang et al reported the nucleolar and Cajal body protein Nopp140 interacts with both box 
H/ACA and box C/D snoRNPs based on co-immunoprecipitation experiments (Yang et al, 2000). 
In addition to box H/ACA snoRNP components, anti-Nopp140 precipitates NAP65 (the rat 
homologue of yeast Nop5/58), fibrillarin, and box C/D snoRNAs, all components of box C/D 
snoRNPs. These interactions are corroborated in vivo by the exclusive depletion of snoRNP 
proteins from nucleoli in cells transfected with a dominant negative Nopp140 carboxyl-terminal 
construct HA-NoppC (Yang et al, 2000).  
RNA polymerase I transcription is arrested in nucleoli depleted of snoRNPs, raising the 
possibility of a feedback mechanism between rRNA modification and its transcription. Moreover, 
the Nopp140-snoRNP interaction appears to be conserved in yeast, because depletion of Srp40p, 
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the yeast Nopp140 homologue, in a conditional lethal strain induces the loss of box H/ACA small 
nucleolar RNAs. Yang et al (2000) proposed that Nopp140 functions as a chaperone of snoRNPs 
in yeast and vertebrate cells.  
Nopp140 only transiently associates with snoRNPs. Thus, Nopp140 is easily isolated as a 
single species (away from snoRNPs) under low-ionic-strength or high-salt conditions (Meier and 
Blobel, 1990). Moreover, most box C/D snoRNP proteins already dissociate from Nopp140 at 
physiological salt concentrations, and purified yeast box H/ACA snoRNPs appear to lack the 
yeast Nopp140 homologue, Srp40p (Lübben et al, 1995; Watkins et al, 1998). It is likely that 
snoRNPs remain intact under conditions in which Nopp140 dissociates, because intra-snoRNP 
interactions survive even the harsh conditions of cesium chloride gradients (Lübben et al, 1995). 
Such a transient and reversible association of Nopp140 with snoRNPs is consistent with it 
functioning as a chaperone of snoRNPs, either for their intranuclear transport or during 
snoRNP-rRNA association and dissociation.  
SnoRNPs Pseudouridylate rRNA Independently of Their Association with Phosphorylated 
Nopp140 
Nopp140 is highly phosphorylated, and it interacts with both box H/ACA and box C/D 
snoRNPs. Nopp140, however, appears to bind more tightly to box H/ACA snoRNPs than to box 
C/D snoRNPs (Yang et al, 2000). Wang et al reported that box H/ACA snoRNPs associated with 
phosphorylated but not dephosphorylated Nopp140, and that the box H/ACA snoRNPs were 
active in rRNA pseudouridylation independently of their Nopp140 association (Wang et al, 2002). 
These findings are consistent with a phosphorylation-dependent role for Nopp140 in the 
organization of the hundreds of snoRNPs during the modification of rRNA. Nopp140 associates 
with and dissociates from intact snoRNPs in a salt-dependent manner. At physiological 
concentration and in the cell, snoRNPs associate with Nopp140, while at increased salt 
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concentrations they dissociate, suggesting an electrostatic interaction between Nopp140 and the 
snoRNPs. This is consistent with the high positive and negative charge density on Nopp140. 
Phosphorylation and dephosphorylation of Nopp140 may govern the association of Nopp140 
with snoRNPs in the cell. Nopp140 appears to be predominantly in its fully phosphorylated state 
in the cell, consistent with its physical association with casein kinase II (Li et al, 1997). The 
dissociation of snoRNPs from Nopp140, therefore, appears to require the action of a phosphatase 
that remains unknown. 
The fact that binding of Nopp140 to box H/ACA snoRNPs does not interfere with their 
activity as pseudouridylases indicates that Nopp140 binding and rRNA hybridization to the 
snoRNPs can occur simultaneously. Thus, Nopp140 may aid in the organization of the snoRNPs 
along the pre-rRNA before and during their function as modifying enzymes. Although it remains 
to be determined what the stoichiometry of the Nopp140-snoRNP interaction may be, the 10 
alternating acidic and basic repeats of Nopp140 could serve as a scaffold for several snoRNPs. 
Taken together, Nopp140 is an electrostatic chaperone for snoRNPs.  
Rat Nopp140 and Its Yeast Ortholog Are Highly Conserved 
The yeast SRP40 gene product is immunologically and structurally related to rat Nopp140 
(Meier, 1996). SRP40 encodes an acidic (pI = 3.9), serine-rich (49%) protein of 41 kDa whose 
carboxyl terminus exhibits 59% sequence identity to that of Nopp140. As previously described, 
casein kinase II phosphorylates Nopp140 to unusually high degrees. This phosphorylation also 
occurs on yeast SRP40 by casein kinase II-type enzymes, but to a less extent. Antibody 
cross-reactivity reveals the yeast SRP40 gene product as immunologically related to rat Nopp140.  
SRP40 localizes to the yeast nucleolus and is required at a specific cellular concentration for 
optimal growth as indicated by the negative effect on cell growth of both over-expression and 
deletion of its gene (Meier, 1996). SRP40 deletion caused only minor growth impairment, but its 
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over-expression resulted in a severe growth defect. When rat Nopp140 was over-expressed in 
yeast, growth impairment was observed. Also, SRP40 was identified by a genetic screen for 
genes that cause growth arrest when over-expressed.  
Nopp140 Is A Mediator of The Protein Kinase A Signaling Pathway That Activates AGP 
Gene Expression 
Nopp140 may play some roles in cAMP-dependent signaling pathway. Nopp140 as well as 
nucleolin undergo extensive phosphorylation when rats are treated with isoprenaline to stimulate 
protein kinase A (PKA) activity (Hoffmann and Schwoch, 1989). Nopp140 serves as a 
transcription co-activator in the context of PKA signaling pathway. Chiu et al (2002) reported 
that PKA-dependent phosphorylation of Nopp140 in both human and rat cells, together with 
C/EBPβ, synergistically induces expression of the agp gene, one of the major acute phase 
response genes (Chiu et al, 2002). The acute phase response (APR) in liver during inflammation 
is one of the well known examples for elucidating the signaling pathways that lead to the 
combinatorial regulation of gene expression. The cooperative activation of the agp gene by 
Nopp140 and forskolin is sensitive to inhibition by protein kinase inhibitor (PKI). 
PKA-dependent Nopp140 phosphorylation is important for its role in agp gene activation by 
biochemical and functional characterizations of Nopp140 mutants defective in PKA 
phosphorylation sites. PKA activates Nopp140, and Nopp140 subsequently stimulates agp 
expression via a functional, cooperative interaction with C/EBPβ.  
Two Splice Variants of Nopp140 in Drosophila 
The Nopp140 gene of Drosophila maps within the 78F4 region of chromosome 3. It encodes 
a pre-mRNA of 3247 nucleotides. Alternative splicing yields two variants (Waggener and 
DiMario, 2002). Nopp140-True (686 residues) is the sequence ortholog of vertebrate Nopp140. 
Its overall amino acid composition and peptide domain organization are very similar to the 
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prototypical rat Nopp140, and its carboxy terminus is 64% identical to that of rat Nopp140 over a 
97-amino acid stretch. Nopp140-RGG (720 residues) is identical to Nopp140-True throughout its 
first 583 residues, but its carboxy terminus contains a glycine/arginine-rich domain that is often 
found in RNA-binding proteins such as vertebrate nucleolin.  In HeLa cells, Drosophila 
Nopp140-RGG localizes to intact nucleoli, whereas Nopp140-True partitions HeLa nucleoli into 
phase-light and phase-dark regions (Waggener and DiMario, 2002). The phase-light regions 
contain Nopp140-True and endogenous fibrillarin, whereas the phase-dark regions contain 
endogenous nucleolin.  Both Drosophila isoforms localize to nucleoli in Drosophila Schneider 
II cells (Waggener and DiMario, 2002), and to nucleoli in most larval and adult tissues examined 
(McCain et al, 2006).  
The carboxy termini of various Nopp140 proteins are well conserved (Meier, 1996). Isaac et 
al (1998) described two separate carboxy subdomains in rat Nopp140. The first carboxy domain, 
referred to as Ca (Isaac et al, 1998), shows good homology among vertebrates (54% identity 
between rat and Xenopus). The latter domain of the carboxy terminus, referred to as Cb, has good 
homology throughout the eukaryotes in general (59% identity between rat and yeast) with even 
higher degrees of homology between the metazoans (81% identity between rat and Xenopus. Ca 
and Cb are encoded by separate exons (Isaac et al, 1998). The entire carboxy terminus of 
Nopp140-True is 64% identical over a 97-amino acid comparison with the carboxy terminus of 
the prototypical rat Nopp140 (Waggener and DiMario, 2002).The individual carboxy subdomains 
of Nopp140-True (residues 584-640 = Nopp140-True-Ca and residues 641-688 
= Nopp140-True-Cb) are as close in homology to the respective sequences in rat and human 
Nopp140 as the two Xenopus subdomains are to the same respective domains in human and rat 
Nopp140. Thus suggests evolutionary constraints on distinct subdomain function. Additionally, a 
consensus cAMP-dependent protein kinase phosphorylation site is present in the conserved 
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carboxy terminus of all Nopp140 homologs (Meier, 1996). The presence of this putative site 
suggests that Nopp140 is a direct substrate for signal transduction-mediated phosphorylation 
cascades that may regulate molecular interactions of Nopp140 within nucleoli or Cajal bodies. 
Nopp140-True contains a similar site (serine 642), but the functional significance of this 
phosphorylation site is still unknown (Waggener and DiMario, 2002).  
The extensive carboxy terminal RGG domain in Nopp140-RGG is very similar to the 
carboxy terminal RGG domain found in vertebrate nucleolin. Besides nucleolin, other nucleolar 
proteins that contain RGG motifs include fibrillarin (Lischwe et al, 1985; Ochs et al, 1985), Gar1 
(Girard et al., 1992); Nopp44/46 in Trypanosoma brucei (Das et al, 1998); and the three yeast 
nucleolar proteins gar2p, Ssb1p, and Nop3p (Bagni and Lapeyre, 1998). Ribosomal protein S2 
also contains RGG motifs (Suzuki et al, 1991). The arginine residues within RGG motifs of 
nucleolin and fibrillarin are asymmetrically dimethylated (NG, NG-dimethylarginine). This 
posttranslational modification does not change the charge of the arginine side chains, but it makes 
the arginine side chains bulkier and more hydrophobic, in all likelihood to modulate molecular 
interaction. Arginine methylation within RNA-binding proteins is believed to regulate 
protein-RNA interactions (Tao and Frankel, 1992), protein-protein interactions (Liu and Dreyfuss, 
1995; Friesen et al, 2001), or perhaps their nucleocytoplasmic shuttling (Shen et al, 1998).  
Nucleolin's RGG domain is necessary but not sufficient for proper nucleolar localization 
(Créancier et al, 1993; Heine et al, 1993). Likewise, Drosophila Nopp140- RGG generally fails 
to associate with nucleoli in roughly half the transfected HeLa cells (Waggener and DiMario, 
2002). In these cells, Nopp140- RGG distributes to the nucleoplasm. Thus, the RGG domain of 
Nopp140-RGG appears to be necessary for efficient nucleolar localization at least in mammalian 
cells. The RGG domain in Nopp140-RGG may share the same interactions with other nucleolar 
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proteins (Cartegni et al, 1996; Bouvet et al, 1998) or RNAs (Hanakahi et al, 2000) that have been 
attributed to interact with nucleolin by way of its RGG domain.  
McCain et al (2006) reported the dynamics of GFP-Nopp140 isoforms in transgenic 
Drosophila melanogaster during oogenesis and early embryogenesis. Expression of the isoforms 
was from the Drosophila Hsp70 promoter. After heat shock, both GFP-Nopp140 isoforms 
localized to nucleoli in nearly all cell types examined, such as adult intestinal cells, Malpighian 
tubule cells, and larval salivary gland cells (McCain et al, 2006).  During oogenesis nurse cell 
nucleoli accumulated GFP-Nopp140 gradually such that posterior nurse cell nucleoli in egg 
chambers at stage 10 were usually brighter than the more anterior nurse cell nucleoli. Nucleoli 
within apoptotic nurse cells disassembled in stages 12 and 13, but not all GFP-Nopp140 entered 
the oocyte through inter-connecting cytoplasmic bridges. Oocytes, on the other hand, lost their 
nucleoli by stage 3, but GFP-Nopp140 gradually accumulated in oocyte nuclei during stages 
8–13. Most oocyte nuclei at stage 10 stored GFP-Nopp140 uniformly, but many stage 10 oocytes 
accumulated GFP-Nopp140 in presumed endobodies (Cajal bodies) or in multiple smaller 
spheres (Liu et al, 2006). All oocyte nuclei at stages 11-12 were uniformly labeled, and 
GFP-Nopp140 diffused to the cytoplasm upon nuclear disassembly in stage 13. GFP-Nopp140 
reappeared during embryogenesis; initial nucleologenesis occurred in peripheral somatic nuclei 
during embryonic stage 13, one stage earlier than reported previously. These 
GFP-Nopp140-containing foci disassembled at the 13th syncytial mitosis, and a second 
nucleologenesis occurred in early stage 14. The resulting nucleoli occupied nuclear regions 
closest to the periphery of the embryos. Pole cells contained GFP-Nopp140 during the syncytial 
embryonic stages, but their nucleologenesis started only at gastrulation. 
Direct associations between Nopp140 and p80 coilin have been established using the 
two-hybrid system and co-immunoprecipitations (Isaac et al, 1998). Specifically, full-length rat 
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Nopp140 associates well with the amino-terminal region (the first 161 amino acids) of coilin. 
Conversely, the entire Nopp140 sequence is necessary to achieve an association with coilin, 
perhaps by folding into a particular tertiary structure. Any interaction between Nopp140 and 
coilin must be reserved for the Cajal bodies, since p80 coilin does not normally localize to 
nucleoli.  A particular tertiary structure of Nopp140 that is necessary for coilin interaction must 
shift when Nopp140 gains access to nucleoli.  Such a structural shift in Nopp140 may then 
permit Nopp140 to interact with other nucleolar components instead of coilin. Phosphorylation of 
Nopp140 (Meier, 1996) or of coilin (Hebert and Matera, 2000) by CKII may affect their 
respective structures to thus allow or prevent their intermolecular associations. However, both 
Nopp140-RGG and Nopp140-True fail to localize to CBs in the nuclei of Xenopus oocytes and 
HeLa cells (Waggener and DiMario, 2002). This discrepancy between the two Drosophila 
variants and rat Nopp140 may lie in their respective tertiary structures.  
Clues as to why the two Drosophila variants fail to localize to CBs may be found in the 
studies describing treacle. Treacle is a human protein related to Nopp140 in that it contains a 
homologous central repeat domain with 10 repeating acidic and basic regions (Dixon et al, 1997; 
Wise et al, 1997). Like Nopp140, treacle is highly phosphorylated by CKII, and it localizes to the 
DFCs of nucleoli. Treacle, however, is distinct from Nopp140 in that it fails to associate with CBs 
(Isaac et al, 2000).  Sequence differences between treacle and Nopp140 reside primarily in their 
amino and carboxy termini, and these differences may account for treacle's failure to localize to 
CBs (Isaac et al, 2000). Analogous differences between the amino and carboxy termini of rat 
Nopp140 and the two Drosophila variants may therefore account for the failure of the two 
Drosophila variants to localize to CBs.  
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The Drosophila Minute Syndrome 
The Minute syndrome was first described in Drosophila melanogaster over 80 years ago 
(Schultz, 1929). The Minutes comprise at least 50 distinct genetic loci that produce a similar set 
of phenotypes when mutated (Lambertsson, 1998). Flies that display the Minute syndrome 
exhibit phenotypes such as small and thin thoracic bristles, prolonged development, missing and 
deformed antennae, notched or otherwise malformed wings, small body size (thus the Minute 
name), rough eyes, reduced fertility and viability, and recessive lethality. Finally, numerous 
Minutes show dominant genetic interactions with other mutations, especially with those that 
perturb wing development (Hart et al, 1993). All these dominant phenotypes are the result of 
haplo-insufficiency; that is, having only one copy of a wild type Minute gene produces 
inadequate gene product for normal development.  
Most Minute phenotypes are a direct result of suboptimal protein synthesis. Dividing cells 
require the normal complement of household genes, and therefore, should be particularly 
sensitive to a reduced rate of protein synthesis. In Drosophila, the imaginal discs are engaged in 
rapid growth during the second and third larval instar stages, with cell division occurring every 
6–15 hr (Nothiger, 1972). In pupae, the abdominal histoblasts, which are mitotically dormant 
during the larval stages, undergo rapid cell division (Robertson, 1936; Garcia-bellido and 
Merriam, 1971). Bristle formation during the pupal period (Howells 1972; Mitchell et al, 1977), 
and normal gametogenesis in both sexes, depends on rapid and flawless protein synthesis.  
Most of the Minute mutations disrupt genes that encode cytosolic ribosomal proteins (RPs). 
The vast majority of D. melanogaster RP genes are present in single copy in the haploid genome 
(Coelho et al, 2005). Reduction in any single RP is expected to result in the same Minute 
phenotype because ribosome function depends on an equimolar balance of all RPs and rRNAs 
(Warner, 1999). Mutations of nine r-protein genes have been confirmed to correlate with Minute 
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phenotypes (Saeboe-Larssen et al, 1998), including those encoding the r-proteins 49 (now called 
RpL32) (Konsuwan et al, 1985), S2 (Cramton and Laski, 1994), S3 (Andersson et al,1994), S5 
(Mckim et al, 1996), S6 (Watson et al, 1992), S13 (Saeboe-Larssen and Lambertsson,1996), L9 
(Schmidt et al, 1996), L14 (Saeboe-Larssen et al, 1997) and L19 (Hart et al,1993). In addition, a 
haplo-insufficiency for the r-protein p40 gene (sta) results in the stubarista phenotype, which has 
Minute-like characteristics including shortened antennae, irregular aristae (bristle-like appendage), 
short and sparse bristles, and female sterility (Melnick et al, 1993).  
Mutations in genes other than ribosomal protein genes can also lead to a Minute phenotype. 
Complete or partial inactivation of genes involved in protein synthesis such as aminoacyl-tRNA 
synthetases or protein synthesis initiation factors, or mutations that affect ribosome synthesis and 
transport may lead to a Minute phenotype or a phenotype similar to Minute. Such mutations 
include bobbed, a deletion of tandem genes encoding pre-rRNA (Ritossa, 1976), and mini, a 
deletion of tandem genes that encode 5S RNA (Procunier and Dunn, 1978). 
An interesting aspect of Minute mutations is that they can increase or decrease in the 
expressivity or penetrance of a wide variety of unrelated mutations (Sinclair et al, 1984). For 
example, the temperature-sensitive Minute mutation Q-III (localized to a map position of about 
47.4 in the 3rd chromosome), in combination with vestigial or clipped at restrictive temperatures, 
results in the manifestation of the characteristic apical or posterior nicked wing phenotypes, 
respectively. Additionally, when trans-heterozygous with Minute mutations, the normally 
recessive mutant alleles of px, clipped, net now display dominant phenotypic effects. 
Treacher Collins Syndrome 
The Treacher Collins Syndrome (TCS) in human is an autosomal dominant disorder that 
presents several craniofacial birth defects at different levels. This is a congenital malformation 
involving the first and second branchial arches. The estimated incidence of TCS ranges from 
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1:40,000 to 1:70,000 of live births (Marres et al, 1995; Posnick, 1997). There is no preference 
among genders or races, and it is an autosomal dominant traits of variable expressiveness. This 
syndrome may appear as different clinical types. The common features are macrostomia, 
auricular defects, high-arched palate, nasal deformity, malocclusion, open bite and deafness. 
Other abnormalities, such as cleft palate, colobomas of the upper lid, hypertelorism and mental 
retardation, are infrequent. In severely affected patients, the airway is compromised. Sleep apnea 
and sudden infant death syndrome are of particular significance (Marszalek et al, 2002). Clinical 
features are usually symmetrical and bilateral (Dixon, 1995). Choanal atresia is occasionally 
found in Treacher Collins syndrome (Moorman-Voestermans and Vos, 1983; Andrade et al, 
2005). 
TCS is caused by mutation of the TCOF1 gene, which maps on the distal portion of the long 
arm of chromosome 5 (5q31.3-q33.3) (Marszalek et al, 2002). The TCOF1 gene contains 26 
exons, ranging in size from 49 to 561 bp. Exon 1 encodes a 5’ untranslated region (5’UTR) and 
the translation initiation codon. Exons 2-24 contain most of the coding sequence. This includes 
10 repeating units. One unit consists of one acid and one basic region. Thus the large central 
portion of treacle is very much like that of Nopp140 or the amino terminus of nucleolin. The last 
8 amino acids, the termination codon, and the first 22 bp of the 3’UTR are encoded by exon 25, 
whereas the remainder of the 3’UTR is encoded by exon 26 (Dixon et al, 1997).  
The TCOF1 gene encodes a low-complexity phosphoprotein of 1411 amino acids, named 
treacle (Dixon et al, 1997; Wise et al, 1997). The amino-terminal 213 aa are followed by 10 
repeating acidic and basic regions, and a C-terminal region contains multiple putative nuclear 
localization signals (NLSs). An additional potential NLS is located in the amino-terminus of the 
protein. These potential NLSs comprise two types of signals: a four-residue simple NLS 
consensus sequence that mediates peptide translocation to the nucleus (Chelsky et al, 1989), and 
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a consensus bipartite NLS signal that contains two regions of basic residues separated by 10 
amino acid residues. Each repeating acid/basic unit is encoded by a separate exon (7 to 16). 
Within the repeating units, putative casein kinase II (CKII) and protein kinase C (PKC) 
phosphorylation sites are present (Wise et al，1997). The putative CKII phosphorylation sites are 
found within the same region in every repeat unit with the exception of exon 11. The region 
encoded by exon 9 is phosphorylated in vitro by CKII and PKC, and these kinase activities are 
present in protein extracts from several avian embryonic tissues, including branchial arches I and 
II (Jones, 1999). 
The nucleolar phosphoprotein treacle is similar to Nopp140. Sequence similarity was 
demonstrated between treacle and the two related nucleolar phosphoproteins Nopp140 in rat and 
xNopp180 in Xenopus (Dixon et al, 1997; Wise et al, 1997). The similarity resides 
predominantly in the putative CKII and PKC phosphorylation sites of the repeated acidic/basic 
domains. Nopp140 has 10 alternating acidic and basic repeated units and several NLSs in its 
C-terminus.  
Fifty-one mutations in TCOF1 have been detected thus far including 32 deletions, 10 
insertions and 7 missense mutations (Marszalek et al, 2002). Two mutations that affect splicing 
of the primary transcript are located in introns 3 and 22 (Edwards et al, 1997). Most of these 
mutations resulted in a premature termination codon, producing a truncated protein devoid of the 
NLS.  
Treacle is highly expressed in the first and second branchial arches during early 
embryogenesis. These embryonic structures give rise to adult structures affected in TCS patients 
(Dixon et al, 1997). TCOF1/+ heterozygous mice die perinatally as a result of severe craniofacial 
anomalies arising from increased apoptosis in the prefusion neural folds, where the highest level 
of TCOF1 expression is observed in wild type mice. Insufficient expression of treacle might 
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result in inhibition of proper proliferation and differentiation of specific neural crest cells that 
migrate into the branchial arches, which are precursors to the facial primordia and branchial 
arches in the development of vertebrate head (Gonzales et al, 2005).  
Treacle is involved in ribosomal DNA gene transcription by interacting with the upstream 
binding factor (UBF) (Valdez et al, 2004). Immunofluorescence labeling shows treacle and UBF 
co-localized to specific nucleolar organizer regions and co-segregated within nucleolar caps of 
actinomycin D-treated HeLa cells. Biochemical analysis shows the association of treacle and 
UBF with chromatin. Immunoprecipitation and the yeast two-hybrid system both suggest 
physical interaction of the two nucleolar phosphoproteins. Down-regulation of treacle expression 
using specific short interfering RNA results in inhibition of ribosomal DNA transcription and 
retarded cell growth. A similar correlation is observed in Tcof (+/-) mouse embryos that exhibit 
craniofacial defects and growth retardation. Thus, treacle haplo-insufficiency in TCS patients 
likely results in abnormal development caused by inadequate ribosomal RNA production in the 
prefusion neural folds during the early stages of embryogenesis.  
Gonzales et al (2005) reported the participation of treacle in the 2'-O-methylation of 
pre-rRNA. Antisense-mediated down-regulation of treacle expression in Xenopus laevis oocytes 
reduced 2'-O-methylation of pre-rRNA (Gonzales et al, 2005). Analysis of RNA isolated from 
wild-type and TCOF1+/- heterozygous mouse embryos from strains that exhibit a lethal 
phenotype showed significant reduction in 2'-O-methylation at nucleotide C463 of 18S rRNA. 
The level of pseudouridylation of U1642 of 18S rRNA from the same RNA samples was not 
affected suggesting specificity. There is no significant difference in rRNA methylation between 
wild-type and heterozygous embryos that have no obvious craniofacial phenotype.  
The function of treacle in pre-rRNA methylation is most likely mediated by its direct 
physical interaction with NOP56. Although treacle co-localizes with UBF throughout mitosis, it 
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co-localizes with NOP56 and fibrillarin, a putative methyl transferase, only during telophase 
when rDNA gene transcription and pre-rRNA methylation are known to re-initiate. These 
observations suggest that treacle might link RNA polymerase I-catalyzed transcription and 
post-transcriptional modification of pre-rRNA. It is possible therefore that haplo-insufficiency of 
treacle in TCS patients results in inhibition of rDNA gene transcription and the production of 
properly modified mature rRNA, which consequently affects proliferation and proper 
differentiation of specific embryonic cells during development. 
Since treacle was not found in Drosophila, and Nopp140 is its closest homolog in 
Drosophila, the two proteins could be structurally and functionally related. The knock down of 
Nopp140 in Drosophila could cause a phenotype related to the human Treacher Collins 
syndrome. 
This dissertation describes the function of Nopp140-True and Nopp140-RGG by identifying 
their loss-of-functional phenotypes and over-expressional phenotypes in Drosophila 
melanogaster. We demonstrate that sufficient amount of Nopp140 is required for normal 
development of Drosophila.  RNAi-induced knock down of both isoforms displayed variable 
abnormal phenotypes, including larval and pupal lethality and the Minute syndrome in viable 
adults (wing, leg, and tergite defects). The lower the Nopp140 expression levels, the more severe 
the abnormal phenotypes. The moderate loss-of-Nopp140 induced Minute phenotypes mimic the 
human Treacher Collins syndrome. Thus, the Drosophila Minute syndrome may serve as a 
potential model to study human Treacher Collins syndrome. In addition, we demonstrate that 
proper amount of Nopp140 is critical for normal development of Drosophila and for the 
maintainence of normal nucleoli morphology. Exogenous over-expression of either Nopp140 
isoform causes lethality and disrupts nucleoli. Also, we demonstrate the Nopp140-True and 
Nopp140-RGG show functional reduncancy. Over-expression of either Nopp140 isoform could 
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rescue RNAi-induced loss-of-Nopp140 phenotypes.  Nopp140-True is the functional dominant 
isoform in Drosophila. Over-expression of Nopp140-True significantly rescues RNAi 
phenotypes, while over-expression of Nopp140-RGG only partially rescues RNAi phenotypes.  
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Chapter 2.  Identify Drosophila Nopp140 Variants Loss of Functional 
Phenotypes via RNAi 
 
Introduction 
In Drosophila, the Nopp140 gene maps to the left arm of chromosome 3 in cytological 
region 78F4 (see http://flybase.bio.indiana.edu/.bin/fbidq.html?FBgn0037137).  Two potential 
splice variant mRNAs exist.  As shown in Figure 2.1, they are identical in their first two exons, 
but due to alternative splicing the two mRNAs contain exons that constitute distinct 3’ coding 
and non-coding regions.  The two Nopp140 variants are designated as Nopp140-True and 
Nopp140-RGG (Waggener and DiMario, 2002).  The two proteins are identical throughout their 
first 583 amino acids (encoded by common exons 1 and 2).  As in vertebrate Nopp140 genes, 
two additional Drosophila exons encode the carboxy terminus of Nopp140-True. This terminus 
shares 65% identity over a 94 amino acid stretch with the carboxy terminus of human Nopp140.  
We therefore considered Nopp140-True to be the true Nopp140 ortholog in Drosophila.  
Conversely, a single exon encodes the carboxy tail of Nopp140-RGG.  This carboxy terminus 
contains several Arg-Gly-Gly motifs typically found in many RNA-associated proteins (Burd and 
Dreyfuss, 1994) including the nucleolar proteins nucleolin (Lapeyre et al., 1987) and fibrillarin 
(Aris and Blobel, 1991).  Both Nopp140-True and Nopp140-RGG localize to Drosophila 
nucleoli when exogenously expressed as GFP fusions in transgenic embryos, larvae, and adult 
flies (McCain et al., 2006).   
The large central region of all Nopp140 orthologs consists of alternating acidic and basic 
domains (Meier, 1996).  This region is structurally related to treacle, another nucleolar protein 
of 144 kDa identified thus far only in vertebrates (Wise et al., 1997; Isaac et al., 2000; Valdez et 
al., 2004; Gonzales et al., 2005).  Mutations in treacle lead to the Treacher-Collins syndrome 
(TCS), an autosomal dominant disorder afflicting 1 in 50,000 live human births. The closest 
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homolog to human treacle in Drosophila is Nopp140-True; BLAST searches of the Drosophila 
genome have failed to identify a closer homolog to treacle. 
 
 
Figure 2.1  Nopp140-True and Nopp140-RGG mRNAs. Drosophila Nopp140 gene contains 
four exons. Nopp140-True and Nopp140-RGG are identical in the first two exons. But due to 
alternative splicing, they contain mutually exclusive carboxy terminus. 
To address the function of Nopp140, we studied its loss-of-functional phenotypes and its 
exogenous over-expression phenotypes. This chapter focuses on the loss-of-function of Nopp140 
variants by using the RNA interference technique. To block the expression of a protein, we could 
mutate its coding gene by homologous recombination. However, since the two variants of 
Nopp140 come from the same pre-mRNA by alternative splicing, mutation of the gene would 
knock out the expression of both variants. RNA interference should theoretically knock down one 
splice variant versus the other if the RNAi targets the 3’ end of the mRNA. Additionally, the 
GAL4/UAS system can be used to specifically express RNAi in a tissue-specific manner to 
identify the phenotypes generated by the knock down of the two Nopp140 variants.  
Mechanism of RNA Interference 
RNA silencing or RNA interference (RNAi) was first discovered in C. elegans, when it was 
noted that introducing a double-stranded RNA (dsRNA) that was homologous to a specific gene 
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resulted in the post-transcriptional silencing of that gene (Fire et al, 1998). RNAi actually occurs 
in a wide variety of eukaryotic organisms (Fire et al, 1998; Tijsterman et al, 2002). It is triggered 
by dsRNA precursors that vary in length and origin. These dsRNAs are rapidly processed into 
short RNA duplexes, which then guide the recognition and ultimately the cleavage or 
translational repression of complementary single-stranded RNAs, such as messenger RNAs or 
viral genomic/antigenomic RNAs. The short RNAs have also been implicated in guiding 
chromatin modification (Lippman and Martienssen, 2004).   
Gene silencing is mediated via two main steps: first, the dsRNA is initially recognized by an 
enzyme of the RNase III family of nucleases, named Dicer, and processed into small 
double-stranded molecules, termed siRNA, which are 21–23 nucleotides long. Secondly, the 
siRNAs are bound by the RNA-induced silencing complex (RISC), which is a multi-protein 
complex with RNase activity that guides the targeted RNA to degradation. The dsRNAs lead to 
the degradation of an mRNA with a homologous sequence, leaving the rest of the RNA in the cell 
unaffected (Bantounas et al, 2004). 
The GAL4/UAS Expression System 
The GAL4/UAS system is used to drive tissue-specific expression of cloned genes in 
Drosophila (Brand and Perrimon, 1993). The system makes use of two types of transgenes, a 
GAL4 driver and a GAL4-responsive UAS expression vector. The GAL4 gene in Saccharomyces 
cerevisiae encodes a protein transcription factor that regulates gene expression by directly 
binding to a 17 base pair site within promoters.  These sites are defined as Upstream Activating 
Sequence (UAS) elements. With the GAL4/UAS system in Drosophila, we can target gene 
expression in a temporal and spatial fashion to address gene function in vivo. In this system, the 
expression of a gene of interest, the responder, is controlled by the presence of repeated UAS 
elements. Transcription of the responder requires the presence of GAL4. The absence of GAL4 in 
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the responder lines maintains UAS-driven genes in a transcriptionally silent state. To activate 
their transcription, responder Drosophila lines are mated to the driver lines that express GAL4 in 
a particular tissue-specific pattern. Brand and Perrimon (1994) constructed an enhancer-trap 
GAL4 construct leading to the production of an astounding array of GAL4 drivers for targeting 
expression to almost every major tissue type (Brand and Perrimon, 1994; Duffy, 2002). 
In our research, the GAL4/UAS system is combined with the RNA interference technique to 
induce the knockdown of Nopp140 variants in a tissue-specific manner.  UAS responders were 
constructed to generate dsRNA that mediates Nopp140-specific RNAi.  
We show that phenotypes resulting from the RNAi-mediated knockdown of Nopp140 fall 
within the Minute syndrome of Drosophila (Schultz, 1929, Lambertsson, 1998).  Minute 
phenotypes include reduced adult body size (and thus the name, ‘Minute’), shortened and thin 
thoracic bristles, rough eyes, missing or deformed antennae, abnormal wings, defective 
abdominal cuticle segmentation (i.e. fused tergites), reduced viability and fertility, prolonged 
development, and recessive lethality (see Schultz, 1929; Sinclair et al. 1981, 1984; Lambertsson, 
1998).  Similar to the purported loss of protein synthesis in embryonic branchial arches I and II 
as the primary cause for the Treacher-Collins syndrome in humans, the Minute syndrome in 
Drosophila likely arises from insufficient protein synthesis in larval imaginal discs, pupal 
histoblasts, and adult germ cells, all of which must proliferate and differentiate within defined 
developmental time frames.  Because of the similarity of Drosophila Minute syndrome and the 
human Treacher Collins syndrome, we eventually hope to establish the Drosophila Minute 
syndrome as a molecular-genetic model to better understand the effects of different genetic 
backgrounds on the variable penetrance and expressivity of the human Treacher Collins 
syndrome.    
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Methods and Materials 
Drosophila Strains 
Most Drosophila melanogaster stocks were obtained from the Bloomington Stock Center 
(http://flystocks.bio.indiana.edu/).  Strains used in this study included the homozygous w1118 
stock and balancer stocks w*; Sp1/CyO and w*; ScmEt50/TM3.  GAL4 driver lines included 
P{daGAL4.w[-]}3 (Bloomington stock 8641) and P{Act5C-GAL4}25FO1 (Bloomington stock 
4414). For details, see http://www.flybase.bio.indiana.edu/stocks/. All stocks were maintained at 
21-23o C.  
Construction of Plasmid Carrying dsRNA-encoded cDNA That Induces RNAi 
To express RNAi for the knockdown of both Nopp140-True and Nopp140-RGG mRNAs, 
we used primers Common-F 
(5’-CCAAGAATTCATAGGTACCACCAAAAGCCCCAAAAAGATC-3’) and Common-R 
(5’-CATTCTAGATATACTCGAGCTTTCTTCGCTGCTGGAGTC-3’) to amplify a 450 bp 
fragment encoding Thr52-Ser201. These residues are identical for both Nopp140 isoforms (see 
Figure 2.2).  The amplified DNA fragment was flanked by Eco RI and Kpn I sites on the 5’ ends, 
and Xba I and Xho I sites on the 3’ ends.  The fragment was propagated in pBluescript using the 
Eco RI and Xba I sites.  The forward fragment was ligated into pUAST using Eco RI and Xba I 
sites, and the reverse fragment was ligated into pUAST using the Kpn I and Xho I sites.  A 25 bp 
spacer sequence separated the inverted repeats.  In an effort to specifically deplete the 
Nopp140-True isoform, we used primers True-F 
(5'-CCAAGAATTCAAGGTACCAAGAATGACTTCACCTCCACAC-3') and True-R 
(5'-CATTCTAGATATACTCGAGCTTCGCCTCGAAGGACATGTC-3') to amplify a 159 bp 
cDNA fragment that encodes amino acids Lys584-Lys636 of the carboxy terminus of 
Nopp140-True (see Figure 2.2).  In an attempt to selectively knock down transcripts that encode 
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Nopp140-RGG, we used the Nopp140-RGG cDNA and primers RGG-F 
(5’-CAAGAATTCATAGGTACCCGACTTTAAGAAGCACAACAAC-3’) and RGG-R (5’- 
CATTCTAGATACTCGAGGGGTGGCGCTAACTAACTATTTC-3’) to amplify a 436 bp 
cDNA fragment that encodes amino acids Asp584 through the final residue, Asn720, of the carboxy 
terminus of Nopp140-RGG (see Figure 2.2) with 8 additional 3’ UTR codons that include the two 
in-frame stop codons.  Recombinant plasmids, designated pUAST-dsCommon, pUAST-dsTrue, 
and pUAST-dsRGG, were propagated in Sure® E. coli cells (Stratagene, La Jolla, CA).  Flies 
transformed with these respective plasmids should express RNAi directing the specific 
knockdown of both Nopp140 isoforms, Nopp140-True alone, or Nopp140-RGG alone. 
Similar strategies were used to introduce the same inverted repeats into 
pUASp-Nba-CS2-BgX, a derivative of pUASp that contains the CS-2 gene intron flanked by 
restriction enzyme sites (Zhu and Stein, 2004).  pUASp contains 14 GAL4 UAS sequences, but 
it lacks the Hsp70 promoter segment, and it uses the Drosophila fs(1)K10 gene termination 
sequence.  Separating the inverted repeats with an intron helps propagate the plasmid in E. coli, 
but eukaryotic splicing should remove the intron to generate double-stranded RNAi.  We used 
primer set Common-F (5’-CCAACGAGATCT ACCAAAAGCCCCAAAAAGATC-3’) and 
Common-R (5’-CAACATTCTAGA CTTTCTTCGCTGCTGGAGTC-3’), primer set True-F 
(5'-CCAGGAAGATCTAAGAATGACTTCACCTCCACAC-3') and True-R 
(5'-CATACTTCTAGACTTCGCCTCGAAGGACATGTC-3'), and primer set RGG-F (5’- 
CCAGACAAGATCTCGACTTTAAGAAGCACAACAAC-3’) and RGG-R (5’- 
CGACATTCTAGAGGGTGGCGCTAACTAACTATTTC-3’).  The resulting PCR products 
were trimmed at their 5’ and 3’ ends with Bgl II and Xba I, respectively, and ligated into 
pUASp-Nba-CS2-BgX in the forward direction using BamH I and Nhe I sites, respectively.  
PCR fragments were then ligated in the reverse orientation at the Bgl II and Xba I sites.  The 
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CS-2 intron of approximately 800 nts separates the two inverted copies (exons).  These plasmids 
were designated pUASp-dsCommon, pUASp-dsTrue, and pUASp-dsRGG. Expression of dsRNA 
from these recombinant DNAs should knock down the expression of both variants, 
Nopp140-True only, and Nopp140-RGG only. 
P-element Mediated Transformation 
We used standard microinjection techniques (Spradling, 1986; Kiehart et al., 2000) to 
transform w1118/w1118 embryos with these six recombinant pUAST or pUASp DNAs.  We 
co-injected the helper plasmid, pUChs∆2, that expresses transposase.  For each UAS-transgene, 
more than two independent insertions were obtained from seperately injected embryos. pUAST 
and pUASp carry the mini-w+ gene; chromosomes harboring the mini-w+ gene were determined 
using marked balancer stocks CyO/sp1 for the second chromosome, and TM3/ScmEt50 for the third 
chromosome, both in the w- background.    
DNA Sequencing 
To make sure that RNAi is designed to specifically degrade Nopp140 mRNA, we sequenced 
the DNA segments that encode dsRNAs. These DNA segments were cut from recombinant DNAs, 
T3 (5’-AATTAACCCTCACTAAAGG-3’) and T7 (5’- AATACGACTCACTATAGG-3’) primers 
were chosen for sequencing. Then these nucleotide sequences were aligned with the Drosophila 
genome by a BLAST search to check the homologous sequence in the genome. 
To check whether the P-element insertion interrupted any endogenous gene, we mapped the 
exact location of P-element insertions in the Drosophila genome by Inverse PCR and Cycle 
Sequencing method according to Berkeley Drosophila Genome Project’ s recommendation 
(http://www.fruitfly.org/about/methods/inverse.pcr.html).  Genomic DNAs were extracted from 
whole adults of transgenic stocks and digested with HinP I or Msp I followed by the segment 
self-ligation in diluted conditions. PCRs were performed to amplify segments spanning both the 
 35
P-element and genomic sequences. Primer set Plac1 
(5’-CACCCAAGGCTCTGCTCCCACAAT-3’) and Pwht1 
(5’-GTAACGCTAATCACTCCGAACAGGTCACA-3’) were chosen after a BLAST 2 search 
matched each with pUAST and pUASp sequences. PCR products were purified by a Qiagen 
gel-extraction kit.   Nucleotide sequences were determined by a cycle sequencing protocol. 
Primer Sp1 (5’-ACACAACCTTTCCTCTCAACAA-3’) was chosen for the sequencing reaction. 
The nucleotide sequences were aligned and matched with the Drosophila genome by a BLAST 
search. 
Western Blot Assay 
Whole third instar larval lysates were prepared by disrupting the larvae in SDS-sample 
buffer (Laemmli, 1970) using a Branson Digital Sonifier with 40% amplification, 0.9s/0.1s pulse 
for 2×10s.  Lysate proteins were resolved on SDS-polyacrylamide gradient (7.5-17%) gels, and 
blotted onto nitrocellulose using the BioRad semi-dry system.  Blots were blocked with TTBS 
(0.9% NaCl w/v, 100 mM Tris, pH 7.4, 0.1% Tween 20) and incubated for 2 hrs with hybridoma 
cell culture supernatant containing mouse mAb G1C7. This antibody labels Nopp140 proteins 
(e.g. Cairns and McStay, 1995). The primary antibody was detected using an Elite Vectastain 
ABC anti-mouse/peroxidase kit (Vector Laboratories, Burlingame, CA) according to the 
manufacture’s directions. Alternatively, blots were incubated for 2 hrs with a chicken anti-serum 
directed against the carboxy tail of Nopp140-True which was detected with 
peroxidase-conjugated anti-chicken antibody. Final development used 3, 3’-diaminobenzidine 
(DAB) at 0.8 mg/ml, cobalt chloride at 0.4 mg/ml, and 0.1% H2O2 in 100 mM Tris, pH 7.5. 
RT-PCR 
Total RNA was extracted from RNAi-expressing third instar larvae using TRIzol 
(Invitrogen, Carlsbad, CA) according to the manufacturer’s recommendations, and dissolved in 
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RNAsecure™ Resuspension Solution (Ambion, Austin, TX).  First strand cDNA synthesis was 
performed using SuperScript™ III Reverse Transcriptase (Invitrogen) using an oligo (dT)20 
primer according to the manufacturer’s recommendations.  Specific primer sets for the 
RT-PCRs were as follows: for Nopp140-True forward and reverse, 
5’-CTTCGTCAAATCGGGAGAGCAACAG-3’ and 
5’-CTTCGCCTCGAAGGACATGTCCTG-3’, respectively; for Nopp140-RGG forward and 
reverse, 5’-CTTCGTCAAATCGGGAGAGCAACAG-3’ and 
5’-GCATCTAGTGTGTGTGTGTGTGCTTG-3’, respectively; for Nopp140-Common forward 
and reverse, 5’-CTAGCCAAGGTTTTCCAGCAGAAGAC-3’ and 
5’-GCTGGCTTAGTCTCCTCATCGGAG-3’, respectively; for actin5C forward and reverse, 
5’-CTCACCTATAGAAGACGAAGAAGTTGCTGCTCT-3’ and 
5’-CTAACTGTTGAATCCTCGTAGGACTTCTCCAACG-3’, respectively; for ribosomal 
protein rpL32 forward and reverse, 5’-GTTGTGCACCAGGAACTTCTTGAATCCG-3’ and 
5’-CTTCCAGCTTCAAGATGACCATCCGC-3’, respectively; and for fibrillarin forward and 
reverse, 5’-CAGGTAGAGAACCTTCGAGCCCG-3’ and 
5’-CAAGACCGTCACCATCGAGCCG-3’, respectively. Total RNA was treated with DNase I 
to remove the possibility of genomic DNA contamination, and the first strand cDNA was treated 
with RNase H to ensure that the PCR amplified segment only came from first strand cDNA. The 
primer pairs were designed to span an intron within the pre-mRNA, such that the size of PCR 
product would distinguish between reverse transcriptase products generated from the mature 
mRNA or the pre-mRNA.  RT-PCR conditions were optimized before comparing mRNA levels 
among different samples. The PCR cycle number was set at an exponential amplification period. 
QantityOne Software (BIORAD) was used to quantify the amount of PCR product after agarose 
gel electrophoresis. For each sample, total RNA was extracted from 10 third instar larvae and 
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dissolved in 100 uL H2O, 2 uL total RNA was taken for first strand synthesis to make a 20 uL 
cDNA solution, then 1 uL for Act5C and 2 uL for Nopp140-Common of the cDNA solution were 
added for 50 uL PCR reaction. 
Fluorescence Microscopy and DAPI Staining 
Larval and adult tissues expressing RNAi were dissected directly into Brower’s 2% 
paraformaldehyde solution (Brower, 1986; Blair, 2000) and allowed to fix for at least 10 minutes 
prior to mounting the tissues on microscope slides in a drop of the same fixative.  Occasionally, 
tissues were stained with 4’-6-diamidino-2-phenylindole dihydrochloride (DAPI, Polysciences, 
Warrington, PA) (1.0 µg/ml) in the same solution prior to mounting.  We used a Zeiss Axioscop 
with a SPOT SE digital camera and software for image acquisition. 
Result 
Construction of Recombinant DNAs to Knock Down One Nopp140 Variant versus the 
Other, and the Construction of Transgenic Drosophila Stocks 
Preliminary evidence in our lab suggests that Nopp140-True is the predominant isoform 
expressed in most tissues.  In order to knock down expression of both potential isoforms, 
however, we amplified a 450 bp sequence from the Nopp140-RGG cDNA that encodes amino 
acids Thr52-Ser201 (red bars in Figure 2.2). This segment is identical in both Nopp140-RGG and 
Nopp140-True (the two isoforms are identical in their first 583 amino acids).  The 450 bp 
sequence was ligated into pUAST (Brand and Perrimon, 1993) as an inverted repeat with a 25 
base pair spacer (Figure 2.2 II.A). 
We also ligated the common 450 bp segment in inverted orientation to either side of the 
intron-encoding DNA within pUASp-Nba-CS2-BgX (Zhu and Stein, 2004).  pUASp contains 
upstream GAGA sites, 14 GAL4 UASs, P element transposase gene promoter with the first intron, 
and the fs(1)K10 gene 3’ UTR.  Like pUAST, pUASp expresses transgenes in most tissues, but 
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Figure 2.2  Diagrams of Nopp140 and treacle primary structures, and the pUAST and pUASP 
transformation plasmid modified to express RNAi. Panel I. Primary structures of the two 
Drosophila Nopp140 isoforms (Nopp140-RGG and Nopp140-True) are compared to rat 
Nopp140 and human treacle.  Acidic regions are in black while basic or neutral regions are in 
white.  The carboxy terminus of the Drosophila Nopp140-True is 64% identical to the carboxy 
terminus of rat Nopp140.  The red, green, and blue lines denote the corresponding cDNA 
sequences that were ligated into Drosophila transformation vectors as inverted repeats for the 
production of RNAi. Panel II. A: pUAST is a Drosophila transformation plasmid that contains a 
transposable P element engineered (Brand and Perrimon, 1993) to contain five tandem yeast 
GAL4 UASs, the minimal hsp70 gene promoter, the common 450 bp Nopp140 cDNA repeats 
(red) ligated in inverted orientations in this thesis, followed by the intron from SV40 small t gene, 
and a polyadenylation signal. The downstream mini-white+ gene with its promoter allowed 
selection of transformed orange or red-eyed adults after micro-injecting the recombinant pUAST 
into w1118/w1118 embryos. A helper plasmid that encodes transposase was co-injected.  B: 
pUASp contains upstream GAGA sites, 14 GAL4 UASs, P element transposase gene promoter 
with the first intron, and the fs(1)K10 gene 3’ UTR. The CS2 intron can help stabilize the invert 
repeat sequence in Drosophila genome. 
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Table 2.1. Transgenic stocks with the six RNAi-encoding UAS-transgenes. For each transgene, 
at least two independent insertions were identified from separately injected embryos. *At least 
two independent insertions were identified based on different eye color (light orange and dark 
orange eye). 
Transgenes 
Independent insertions (injected 
embryos) 
Generated stocks 
pUAST-dsCommon 2 (B, C) 8 
pUAST-dsRGG 2  (A*) 19 
pUAST-dsTrue 3  (S, T) 8 
pUASp-dsCommon 3  (K, M, N) 10 
pUASp-dsRGG 3  (E, F, G) 10 
pUASp-dsTrue 4  (A’, B’, C’, D) 16 
 
it was designed for better expression in the maternal germ line (see Rorth, 1998; Duffy, 2002). 
Embryos homozygous for w1118 were injected prior to pole cell formation. P-element 
insertion is generally random within the genome. Injected individuals were crossed to w1118 flies, 
and progeny were scored for red (orange) pigmented eyes. For all six UAS-transgenes, at least 
two independent insertions were identified. That is, two separate embryos gave rise to transgenic 
progeny. Several transgenic stocks were generated from each transformed embryo to ensure the 
RNAi efficiency of each DNA, as shown in Table 2.1. 
Mapping the Transgene Location 
As shown in Figure 2.3, we mapped the transgene by crossing transgenic flies to w- flies that 
have a balancer chromosome, such as TM3 for the third chromosome and CyO for the second 
chromosome. These balancer chromosome have dominant marker for segregation analyses. 
Integration on the X-chromosome was easily scored by segregation of w+ to all male progeny 




Figure 2.3  Standard genetics to identify the chromosome containing the P-element transgene.  
The P-element contains the w+ gene and the transgene of interest.  A: strategy to identify 
transgene insertions on the second chromosome; B: strategy to identify transgene insertions on 
the third chromosome. 
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Phenotypes of Loss of Nopp140 Variants 
To account for possible pleiotropic effects caused by the P element insertion, we present at 
least three separate transgenic insertions (injected embryos B, C, and K).  Embryos B and C 
were injected with RNAi-encoding pUAST-dsCommon (referred to as T.dsCom.B or .C), while 
embryo K was injected with pUASp-dsCommon (referred to as P.dsCom.K).  An injected 
embryo (e.g. B) often produced several transgenic progeny (e.g. B1, B2) from which we 
established homozygous lines. We observed no developmental delays or morphological 
anomalies in the seven homozygous lines presented here.  T.dsCom.C4 has at least one 
RNAi-encoding transgene on the second chromosome, and at least one on the third chromosome. 
As shown in Table 2.2, we observed three general phenotypes in the 
pUAST-dsCommon/daGAL4 progeny,: larval and pupal lethality occurred in two out of eight 
transgenic pUAST-dsCommon lines; viable adult progeny but with complex abnormal 
phenotypes, such as fused tergites, deformed legs and shrunken wings in another two out of the 
eight lines; and viable progeny with no apparent RNAi effects. All the three phenotypes were 
also observed in pUASp-dsCommon/daGAL4 progeny. 
The progeny from different transgenic lines show various degrees of abnormalities (Table 
2.2). The T-dsCom.C3/daGAL4 progeny showed 100% early pupal lethality, while 
T-dsCom.C4/daGAL4 progeny showed 100% severe developmental delays and then larval and 
early pupal lethality. The P-dsCom.K1/daGAL4 and P-dsCom.K4 /daGAL4 progeny both showed 
100% early and late pupal lethality. The T-dsCom.B1/daGAL4 and T-dsCom.B2/daGAL4 progeny 
survived to adults, but they displayed severe and complex abnormalities, such as shrunken and 
opaque wings with missing wing margins (85% and 100% respectively), fused tergite (~10% for 
both), deformed or even missing hind legs (10% and 18% for B1 and B2, respectively), and 
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relatively small body size (45% for B2) (Figure 2.4). The p-dsCom.K5/daGAL4 progeny showed 
shrunken and opaque wings (50%), but the wing margins were normal. 
Table 2.2. Phenotypes of progeny trans-heterozygous for the RNAi transgene and daGAL4. We 
crossed flies homozygous for RNAi-encoding transgenes with daGAL4/daGAL4 flies. The 
daGAL4 driver line expresses GAL4 strongly and ubiquitously in nearly all tissues and 
developmental stages. In the progeny, GAL4 binds to the promoter UASs to stimulate 
transcription of dsRNA which then blocks the expression of Nopp140 variants specifically.  
Genotypes of Trans-heterozygous 
Progeny Phenotypes 
w1118/w-; +/+; +/daGAL4 Normal development with normal adult progeny. 
w1118/w-; +/+; 
pUAST-dsCommon.B1/daGAL4 
100% pupal eclosion;  
95% of the adult progeny showed 
combinations of wing and tergite defects 
w1118/w-; +/+; 
pUAST-dsCommon.B2/daGAL4 
100% pupal eclosion;  
100% of the adult progeny showed 




100% pupal eclosion;  
3% of the adult progeny showed wing or 
tergite defects 
w1118/w-; +/+; 
pUAST-dsCommon.C3/daGAL4 100% early pupal lethality 
w1118/w-; +/+; 
pUAST-dsCommon.C4/daGAL4 
Severe developmental delay;  
100% larval and pupal lethality  




Severe developmental delay, 
100% early and late pupal lethality  
w1118/w-; +/pUASp-dsCommon.K4; 
+/daGAL4 
Severe developmental delay, 
100% early and late pupal lethality 




To demonstrate that these abnormalities were caused by RNAi-mediated knock down of 
Nopp140 expression, we checked the Nopp140 protein expression level in third instar larvae that 
were trans-heterozygous for a RNAi transgene and daGAL4. I prepared whole lysate from third 
instar larvae of T-dsCom.C3/daGAL4 and w1118/daGAL4, and ran the extracts through 
SDS-PAGE gels. Western blots of the gels were probed with mAb G1C7 which recognizes both 
Nopp140 and Histone H1. Results showed that the expression of Nopp140 was knocked down in 
the RNAi fly (Figure 2.5A). Compared with the w1118/daGAL4 extracts, the endogenous Nopp140 
in pUAST-dsCom.C3/daGAL4 extracts is below detectable levels (Figure 2.5A, lane 3 and 4). It is 
reasonable to assume, therefore, that these various abnormal phenotypes observed in RNAi flies 
were caused by different degrees of endogenous Nopp140 knock down.   
I also examined whole lysates of third instar larvae of T.dsCom.C3/daGAL4, 
T.dsCom.B2/daGAL4, and w1118/daGAL4 by SDS-PAGE gels. The western blot of the gel was 
probed with a chicken polyclonal serum raised against the carboxy terminus of Nopp140-True. 
Again, the blot showed that the Nopp140 level in T.dsCom.C3/daGAL4 progeny (Figure 2.5B. 
lane 3) was below detectable limits, while the Nopp140 level from T.dsCom.B2/daGAL4 progeny 
(Figure 2.5B. lane 2) was not noticeably reduced when compared with that in w1118/daGAL4 
progeny (Figure 2.5B. lane 1).  
RT-PCR was used to quantify the Nopp140 variant mRNA expression levels in different 
dsCommon/daGAL4 progeny that showed various abnormal phenotypes. Females homozygous 
for daGAL4 were crossed with males homozygous for the various transgenic RNAi transgenes. 
Total RNA was extracted from third instar larval progeny.  Actin5C mRNA was amplified as an 
internal control. Ribosomal protein L32 (RpL32) mRNA was also amplified to check if the loss 
of Nopp140 had any feedback effect on the production of ribosomal protein mRNAs. mRNA 
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from w1118/daGAL4 progeny served as wild type reference. I ran the PCR product through 
agarose gels to semi-quantify the mRNA level.  BioRad QuantityOne software was used to 
quantify the density of each product band. Each measurement replicated at least three times. The 
PCR conditions were first optimized by testing different amounts of primer sets, and determining 
the PCR cycle numbers using total RNA extracts from w1118/daGAL4 progeny to ensure the PCR 
was in the logarithmic phase of product accumulation (Figure 2.6A). The experimental PCR 
cycle number was set at the exponential amplification period before the amount of PCR product 
leveled off. According to the test result shown in Figure 2.6A, the PCR cycle number was set at 
30 as the working parameter for both Act5C and Nopp140-Common.  
The gel image (Figure 2.6B) indicated that the greater the loss of Nopp140 mRNA, the more 
severe the abnormal phenotypes of the RNAi progeny (Figure 2.6B and 2.6C). Compared with 
w1118/daGAL4 progeny, the different RNAi/daGAL4 progeny showed various degrees of Nopp140 
mRNA loss. The T.dsCom.C4/daGAL4 progeny showed the most severe phenotype (100% of the 
progeny displayed developmental delays, and they died as larvae and early pupae), and they 
expressed the lowest amount of Nopp140 mRNA compared with w1118/daGAL4 larvae. The 
T-dsCom.C3/daGAL4 showed the second lowest Nopp140 mRNA level, and 
T-dsCom.C3/daGAL4 progeny displayed the second most severe phenotype (100% early pupal 
lethality). The progeny heterozygous of daGAL4 and T-dsCom.B1, B2, or p-dsCom.K1, K4 all 
showed various degrees of Nopp140 mRNA loss.  T-dsCom.C2/daGAL4 progeny showed no 
abnormal phenotype, and almost the same Nopp140 mRNA levels as w1118/daGAL4 progeny. On 
the other hand, the mRNA levels for both Act5C and RpL32 showed no difference between 
w1118/daGAL4 and the various dsCommon-RNAi/daGAL4 progeny (Figure 2.6B and 2.6C). 
Therefore, the knock down of Nopp140 mRNA did not affect the ribosomal subunit RpL32 
expression, but the direct correlation between the amount of Nopp140 mRNA loss and the 
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severity of the resulting phenotype suggests that a sufficient amount of Nopp140 is critical for 
normal fly development. 
Various abnormal phenotypes not only occurred among progeny from different transgenic 
RNAi lines, but progeny from the same cross showed complex and variable phenotypes with 
different expressivities and penetrance (Figure 2.4).  For example, progeny of 
pUAST-dsCommon.B1 and .B2 both showed wing deformities with 85% and 100% penetrance, 
respectively.  They also showed fused tergites (10% for each), deformed or missing hind legs 
(10% and 18%), and small body size either in separate individuals or in combinations in the same 
individual.   
RNAi/daGAL4 progeny that displayed lethality in late larval or pupal stages had similar 
body sizes compared to w1118/daGAL4 larvae, but their salivary glands were much smaller than 
wild type salivary glands. This was true for several different transgenic dsCommon/daGAL4 
progeny (Figure 2.7).  The cells in salivary glands of T.dsCom.C4/daGAL4 progeny were 
smaller compared with that of w1118/daGAL4 progeny. However, the size of their nucleoli 
remained comparable to the size of nucleoli in w1118/daGAL4, as shown by Figure 2.8, panel I A 
and C (phase-contrast images). This feature resulted in the mis-arrangement of neighboring cells 
and closely stacked nucleoli in T.dsCom.C4/daGAL4 salivary glands. 
DAPI (4',6-diamidino-2-phenylindole) binds nuclear DNA in both living and fixed cells. In 
contrast to normal cells, the nuclei of apoptotic cells have highly condensed chromatin. This 
altered chromatin morphology in apoptotic cells can be visualized by DAPI staining of the DNA. 
DAPI staining of various tissues in different transgenic progeny larvae did not show abnormal 
levels of apoptotic signal when checked by fluorescence microscopy.  
However, we observed unusual chromosome morphologies in the T-dsCom.C4/daGAL4 
progeny salivary glands compared with wild type progeny, as show in the DAPI images of  
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Figure 2.8 I and II.  The chromatin in T-dsCom.C4/daGAL4 progeny salivary gland cells 
remained condensed as compared to normal salivary glands. It is possible that these cells are 
entering apoptosis or that knock down of Nopp140 may affect some factor that regulates 
chromosome assembly. DAPI staining of third instar larvae polytene chromosome of other 
RNAi/daGAL4 progeny showed no significant differences in chromatin morphology as compared 
to w1118/daGAL4 progeny. 
Approximately 10% of the p-dsCom.K4/daGAL4 progeny contained melanotic tumors 
(Figure 2.9, A and B).  As the larvae moved around, the tumors seemed to flow within the body 
cavity, and they were not attached to any tissue. This was confirmed by dissecting the larvae and 
isolating the tumors free of any tissue. We did not see any tumor in the late stage pupae; it seems 
that all progeny with the tumors died before late pupal stage. We also observed similar tumors in 
the third instar larvae and early pupae of pUAST-dsCom.C4/daGAL4 progeny; the penetrance 
was nearly 5% in these larvae and pupae (Figure 2.9 C-F). The tumors could be isolated and 
stained with DAPI. Fluorescence images showed bright DAPI foci dispersed throughout the 
tumor. The DAPI foci were probably nuclei. 
RNAi Expressing dsTrue and dsRGG 
Besides using a common cDNA segment from the 5’ end of the Nopp140 cDNAs, specific 
3’ cDNA fragments were used to encode RNAi. These 3’ segments normally encode the carboxy 
domains of Nopp140-True and Nopp140-RGG. The RNAi results from these efforts were not as 
convincing, but they are presented here. T-dsTrue/daGAL4 progeny displayed similar abnormal 
phenotypes as those viable dsCommon/daGAL4 progeny, but with less penetrance and severity. 
For example, the pUAST-dsTrue.S4/daGAL4 progeny showed mostly mild tergite fusion (22.6%), 
and a few individuals showed slightly shrunken wings (4%). Similarly, the T-dsTrue.T3/daGAL4  
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Figure 2.4  Various abnormal phenotypes in progeny expressing RNAi. Transgenic 
T-dsCommon.B2/daGAL4 progeny displayed complex Minute phenotypes: A: Whole wings were 
often deformed, or just wing margins were clipped (arrows). B: Hind (metathoracic) legs often 
displayed gnarled tarsi. C and D:. Abdominal tergites were often fused.  Penetrance for any 
abnormality was high (>90%), but expressivity was quite variable. Variability occurred between 




Figure 2.5  Immuno-blots containing whole lysates of third instar larvae.  Blot A was probed 
with mAb G1C7 that recognizes a basic epitope common to Nopp140 and histone H1.  Lane 1: 
pre-stained protein markers of 170, 83, 62, 42, 32.5, 25, and 16.5 kDa.  Lanes 2 and 5: 
RGG.G3/daGAL4 larvae contained endogenous Nopp140 at 120 kDa and over-expressed 
GFP-Nopp140-RGG at ~145 kDa (black arrow, see Chapter 3).  Lanes 3, 6: non-transformed 
w1118/w1118 larvae displayed endogenous Nopp140 (white arrow); Lane 4: T.dsComm.C3/daGAL4 
larvae expressed RNAi to knock down Nopp140 production.  Endogenous Nopp140 was 
depleted below detectable levels.  Histone H1 served as a loading control for nuclear proteins 
and antibody reactivity.  Blot B was probed with a chicken polyclonal serum raised against the 
carboxy terminus of Nopp140-True.  Lane 1: w1118/daGAL4 larval extracts.  Lane 2; 
T.dsCom.B2/daGAL4 larval extracts.  Lane 3: T.dsComm.C3/daGAL4 larval extracts.  The 
level of Nopp140-True in T.dsComm.C3/daGAL4 extracts was again reduced below detectable 
limits, while that in T.dsComm.B2/daGAL4 extracts remained equivocal.  Lane 4: pre-stained 














Figure 2.6  RT-PCR detected the Nopp140 mRNA expression levels in different RNAi/daGAL4 
progeny. Panel A: Gels showing optimized PCR conditions for each sequence amplification.  
PCR amplifed Act5C and Nopp140 mRNAs with Act5C and Nopp140 common primers in 25, 30, 
35, and 40 cycles to determine the appropriate cycle numbers for continued logarithmic 
amplification. The optimized cycle number was set within the logarithmic amplification period.  
Panel B:  Females homozygous for daGAL4 were crossed with males homozygous for the 
various transgenic RNAi-encoding transgenes, total RNA were extracted from third instar larvae 
of progeny.  RT-PCR was used to amplify Act5C as internal control, mRNA from 
w1118/daGAL4 progeny served as a wild type reference. mRNA levels of RpL32 was tested as 
well. PCR products were run through a 1% agarose gel. Upper row: Act5C mRNA levels showed 
no difference among w1118/daGAL4 and various dsCommon/daGAL4 progeny; Lower row: 
RpL32 mRNA levels showed no difference among w1118/daGAL4 and various 
dsCommon/daGAL4 progeny. Middle row: Nopp140-Common mRNA levels among different 
dsCommon/daGAL4 progeny were variable. That matches the progeny’s various phenotypes. A 
direct correlation exists between the loss of Nopp140 mRNA and the severity of expressed 
phenotypes. Panel C: QuantityOne software (BIO-RAD) was used to quantify the intensity of 
different bands from the RT-PCR amplified mRNA. Three replicates were performed for each 
measurement. The value in Y axis is a ratio of the relative amount of mRNA in RNAi/daGAL4 






Figure 2.7  Tiny salivary glands from third instar RNAi/daGAL4 larvae.  A: w1118/daGAL4 
progeny; B: T.dsCom.C4/daGAL4 progeny. Both images were taken at the same magnification. 
 
 
Figure 2.8  Phase-contrast images and images of DAPI stained salivary gland chromosomes of 
third instar larvae.  Panel I: A and B: w1118/daGAL4 progeny; C and D: T-dsCom.C4/daGAL4 
progeny.  Compared with w1118/daGAL4 progeny (A and B), distribution of the salivary gland 
cells in T.dsCommon.C4/daGAL4 progeny appeared disrupted as indicated by the poorly-ordered 
nucleoli (C); chromosomes appeared abnormally condensed as shown by DAPI staining (D).  
Panel II: Higher magnification of DAPI-stained salivary gland chromosomes in third instar 
larvae. A: T-dsCom.C4 /daGAL4 progeny; B: w1118/daGAL4 progeny. 
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Figure 2.9  Melanotic tumors were observed in different transgenic third instar larvae and early 
pupae that expressed RNAi.  A and B: pUASp-dsCom.K4/daGAL4 progeny. Black spot 
(melanotic tumor) were observed in early pupae (A) and third instar larvae (B). The spot 
appeared to be free of any tissue in the body with the movement of larvae.  C-F:  
T-dsCom.C4/daGAL4 progeny. Tumors were observed in larvae and early pupae. C and D: the 
melanotic tumors in the body; E and F: dissection of the tumor, E is the phase-contrast image, F: 
DAPI staining of the tumor. 
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progeny showed mild tergite defects and slightly shrunken wings (~8% penetrance). On the other 
hand, T-dsRGG/daGAL4 progeny showed almost normal phenotypes with abnormal penetrance 
less than 5%.  
Knock down of either variant showed less severe phenotypes as compared with knock down 
of both. These results indicate either a functional redundancy between Nopp140-RGG and 
Nopp140-True variants, or the RNAi effects are better observed when the 5’ ends of the mRNA 
are targeted (eg. knock down of both variants) rather than against the 3’ end (knock down one 
variant versus the other). A possible reason that knock down Nopp140-True variant induce 
relatively more severe phenotype than RGG is that Nopp140-True is the dominant isoform in 
Drosophila (Waggener and DiMario, 2002). 
Similarly, the p-dsTrue/daGAL4 and p-dsRGG/daGAL4 progeny did not show much 
abnormal phenotypes. Thus, the RNAi effect appears to be consistant among different RNAi 
cDNA constructs and different transgenic lines. 
Discussion 
We observed that the knock down of Nopp140 induced complex abnormalities, including 
developmental delay, and larval and pupal lethality. Adults that survived showed deformed wings, 
legs, and tergites. These affected adult tissues develop from imaginal discs in larvae and 
histoblasts in pupae. These larval and pupal tissues undergo rapid cell division, and are therefore 
extremely sensitive to insufficient amounts of ribosomes and protein synthesis.   
The phenotypes generated by RNAi-induced loss of Nopp140 fall into the Drosophila 
Minute Syndrome that is marked by a complex set of phenotypes in various tissues. The Minute 
phenotype is purportedly caused by insufficient amount of protein synthesis.  The Drosophila 
Minute syndrome includes prolonged development, short and thin bristles, missing and deformed 
antennae, notched or otherwise malformed wings, small body, rough eyes, reduced fertility and 
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viability, and recessive lethality. These are all compatible with faulty protein synthesis. The 
Minute Syndrome is caused by mutations in those genes that encode products necessary for 
ribosome biosynthesis and protein translation, thus leading to insufficient protein synthesis. 
Fifty-five Minute genes have been reported, 13 of which encode r-proteins, while others encode 
translation factors or factors that are involved with ribosome biogenesis. Dividing cells are 
particularly sensitive to reduced rates of protein synthesis; imaginal discs in larvae and 
histoblasts in pupae undergo rapid growth to give rise to the adult wings, legs, and abdominal 
tergites. With insufficient protein synthesis, especially beneath a threshold level (Lambertsson, 
1998), abnormally dividing imaginal discs and histoblasts could induce abnormal adult tissues. 
This is one of the first times we observed a Minute phenotype associated with loss of nucleolar 
protein.  
Nopp140 shuttles between the nucleus and the cytoplasm, as do several other nuclear and 
nucleolar proteins.  Nopp140 also binds nuclear localization signals in other nucleophilic 
proteins when its many serine residues are phosphorylated by Casein Kinase type II enzymes 
(CKII).  This is consistent with the possibility that Nopp140 and other nucleolar shuttling 
proteins serve as chaperones in the transport of ribosomal proteins into the nucleus, or perhaps 
carrying ribosomal subunits out of the nucleus. Vertebrate Nopp140 interacts with box C/D and 
box H/ACA snoRNP complexes within the dense fibrillar components of nucleoli and within 
nuclear Cajal bodies. Nopp140 interacts with NAP57, a constituent protein within box H/ACA 
snoRNPs, and Nopp140 interacts with NAP65, a constituent protein of box C/D snoRNPs. 
Perhaps Nopp140 acts as a chaperone in snoRNP assembly or transport from Cajal bodies to 
nucleoli, or perhaps Nopp140 participates in the processing and modification of pre-rRNA within 
the dense fibrillar component. We show that Nopp140 is critical for normal development of 
Drosophila. 
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By correlating the RNAi phenotypes with RT-PCR results, we showed that the various 
abnormal phenotypes displayed by the various RNAi-expressing progeny are associated with 
different levels of Nopp140 mRNA loss. The lower the Nopp140 mRNA level, the more severe 
the abnormal phenotypes of the RNAi-expressing progeny. The RNAi progeny that showed the 
most severe phenotype (T.dsCom.C4/daGAL4 with development delay and 100% larval and early 
pupal lethality) is associated with the most significant loss of Nopp140 mRNA. The progeny with 
second most severe phenotype (T.dsCom.C3/daGAL4 with 100% early pupal lethality) is 
associated with second most significant loss of Nopp140 mRNA. Those RNAi-expressing 
progeny that survived to adulthood with various defects (T-dsCom.B1 and .B2/daGAL4) showed 
even less degrees of mRNA loss, while the RNAi progeny that showed no abnormalities 
(T.dsCom.C2/daGAL4) showed mRNA levels that were comparable to that of w1118/daGAL4 
progeny. The results suggest that sufficient amounts of Nopp140 are required above a threshold 
level at critical developmental stages for normal development of tissues in Drosophila. 
Considering the specific Minute–like phenotypes caused by the loss of Nopp140, our results 
suggest that sufficient amounts of Nopp140 are critical for ribosome biosynthesis. 
A BLAST search of those Nopp140 cDNA sequences used in the construction of 
RNAi-encoding plasmids did not uncover any match other than the Nopp140 gene in the 
Drosophila genome. This indicates that our RNAi should specifically knock down only the 
Nopp140 variants.  
RT-PCR was used to detect mRNA levels of other proteins that may be affected by loss of 
Nopp140. The RpL32 and Act5C mRNA levels were not affected by loss of Nopp140 in all 
RNAi progeny. In addition to Act5C and RpL32, we tried to measure the fibrillarin mRNA levels. 
Fibrillarin is another nucleolar protein closely associated with C/D box snoRNPs that guide the 
site-specific methylation of pre-rRNA. We did not obtain conclusive results with RT-PCR of 
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fibrillarin mRNA levels. The percent error between replicates was too large to show a clear trend 
among the different RNAi progeny. This error may be due to the fact that the fibrillarin sequence 
is highly GC rich, thus making PCR amplification difficult. 
Our observations also suggest that the Minute phenotypes mimic the human 
Treacher-Collins Syndrome (TCS).  Both syndromes share several similarities (Table 2.3). TCS 
is an autosomal dominant disorder of craniofacial morphogenesis. It is caused by mutations in 
TCOF1 gene, which encodes treacle, a nucleolar phosphoprotein very similar to Nopp140 in both 
structure and subcellular localization. Mutations in the TCOF1 gene are considered 
haplo-insufficient, and heterozygous individuals show TCS pheotypes. TCS shows complex 
phenotypes with variable expressivity. Severely affected adults display craniofacial deformities 
that include hypoplasia of facial bones, under-developed or malformed outer ears, external ear 
canals, and middle ears, thus causing a conductive hearing loss. Other defects include a 
downward slant of the palpebral fissure, hypoplasia of the lower eye lids, and cleft palate 
(Marszalek et al, 2002). These affected tissues arise from the first and second embryonic 
branchial arches which undergo rapid cell division during development.  
The Drosophila Minute phenotypes, on the other hand, are caused by loss of nucleolar 
protein Nopp140. No treacle protein has been found in Drosophila. Since Nopp140 in 
Drosophila is its closest homolog, Nopp140 may play similar functions as does treacle in human. 
Our results show that Nopp140 is haplo-insufficient. Affected flies show complex phenotypes 
with various expressivities, including deformed wings, legs, and tergites. These affected tissues 
developed from imaginal discs in larvae and histoblasts in pupae that undergo rapid cell division. 
Both the human TCS and the Drosophila Minute Syndrome are likely caused by insufficient 
amount of ribosome synthesis. We therefore propose that the Minute syndrome in Drosophila is a 
good molecular-genetic model for TCS in humans. 
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Table 2.3. The Drosophila Minute Syndrome vs. the Human Treacher Collins Syndrome 
Minute Syndrome (Sinclair et al.,1983; 
Lambertsson, 1998) 
 55 known Minute Mutations, 
 Some encode r-proteins/loss of Nopp140 
 Haplo-insufficient. 
 Heterozygotes display: 
 Small body for some Minutes 
 Short, usually thin bristles 
 Wing, leg, and cuticle defects 
 Reduced viability/fertility 
 Delayed larval development 
 Potential translational (ribosomal) loss in 
the imaginal discs and histoblasts. 
Treacher Collins Syndrome (Marszalek et 
al, 2002) 
 Single gene (TCOF1) 
 Encodes nucleolar treacle. 
 Haplo-insufficient. 
 Heterozygotes display: 
 Craniofacial deformities 
 Outer and middle ear defects 
 Cleft palate 
 Eye lid defects 
 Delayed development (mice) 
 Potential translational (ribosomal) loss in 
embryonic branchial arches I and II. 
We observed severe abnormal phenotypes with high penetrance in various transgenic lines 
that expressed RNAi to knock down both Nopp140 variants. The flies that expressed RNAi to 
knock down only the Nopp140-True variant showed similar phenotypes, but with less severity 
and lower penetrance. Conversely, the flies that expressed RNAi to knock down only the 
Nopp140-RGG variant did not show any apparent abnormalities. We used RT-PCR to detect the 
mRNA levels of the RNAi progeny that expressed dsTrue- and dsRGG-specific RNAi. We did 
perform RT-PCRs with the Common primer set to detect the mRNA levels for both variants, and 
we found that the Nopp140 mRNA levels were reduced in both dsRGG- and dsTrue- RNAi 
progeny as compared with that in wild type w1118 progeny. But the RT-PCR results were not 
conclusive when we performed RT-PCR with the RGG primer set to compare the mRNA levels 
of RGG variant in those different RNAi progeny,. The possible reason is that the endogenous 
Nopp140-RGG variant mRNA expression level is very low. Additionally, the PCR amplified 
sequence, which is specific for Nopp140-RGG variant, is highly GC rich and perhaps difficult to 
amplify by PCR.  We also performed RT-PCR with the True primer set to compare the mRNA 
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levels of Nopp140-True variant in those different RNAi progeny. Again, RT-PCR results were 
not conclusive at this point. We did not recover an expected segment by PCR. Thus, the primer 
set we designed must not have efficiently amplified the expected segment, and the primer set 
needs to be re-designed.   
The phenotypes resulting from RNAi-induced loss of either Nopp140 variant showed less 
severerity and lower penetrance as compared with phenotypes resulting from loss of both variants. 
This may suggest a functional redundancy between the two variants. That is, when one variant 
has been knocked down, the other functionally substitutes for it. The possible reason why loss of 
the Nopp140-True variant caused more severe phenotypes than the loss of Nopp140-RGG 
suggests that Nopp140-True may be the dominant form of Nopp140 in Drosophila. We can not, 
however, at this time exclude the possibility that our RNAi directed against the 3’ end of 
respective mRNAs did not knock down mRNA as efficiently as that against the 5’end. 
We observed abnormal chromosome morphology in RNAi/daGAL4 progeny that displayed 
severe phenotypes.  For example, in T.dsCom.C4/daGAL4 progeny that showed development 
delay and 100% larval and early pupal lethality, DAPI images of the salivary gland cells showed 
that the chromosomes were condensed, and phase-contrast images showed that both salivary 
glands and its cells were much smaller as compared with those of w1118/daGAL4 progeny. Such 
results suggest that the loss of Nopp140 may induce mis-regulation of some factors involved in 
chromosome assembly. Since chromosomes undergo morphological changes during cell cycle, 
the loss of Nopp140 could also affect cell cycle regulation. 
Our results suggest that loss of Nopp140 causes complex Minute phenotypes, which result 
from insufficient ribosome production and protein synthesis. Interestingly, however, our results 
also indicate that Nopp140 is involved in tumor suppression. We found that melanotic tumors 
occurred in RNAi/daGAL4 progeny that displayed the more severe phenotypes. We observed 
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some tumors in the body cavities of third instar larvae and early pupae for both 
T.dsCom.C4/daGAL4 and p.dsCom.K4/daGAL4 progeny. The phenotype is not likely caused by 
interruption of any endogenous gene in the genome because these two RNAi stocks came from 
different injected embryos with different RNAi plasmid constructs. As the larvae moved around, 
the tumor moved freely with the body. We isolated the tumors and found that they were not 
attached to any tissue.  DAPI staining showed abnormally distributed nuclei, suggesting that the 
dark spot is a melanotic tumor. The melanotic tumor phenotype results from abnormalities in the 
production and differentiation of blood cells (hemocytes) in the mutant larvae (Watson et al, 
1992).  
Similar observations regarding melanotic tumor formation have been reported for the S6 
ribosomal protein.  Watson et al in 1992 reported that a mutation of the S6 ribosomal protein 
gene induce Minute phenotypes. However, the S6 protein is also required for tumor suppression 
in the hematopoietic system in Drosophila (Watson et al, 1992).  In mutant flies, loss of S6 
ribosomal protein gene causes growth inhibition in some tissues, and mitotic recombination 
experiments also showed that the S6 gene product is required for egg development in the ovary 
and for cell survival in developing imaginal discs (Watson et al, 1992). Loss of S6 in the 
hematopoietic system, however, does not cause cell lethality, but instead leads to lymph gland 
hyperplasia, precocious differentiation of plasmatocytes into lamellocytes, and melanotic tumor 
formation. This pleiotropic syndrome eventually leads to larval death.  These observations 
suggest that similar pleiotropic function for Nopp140 may be at work in the formation of 
melanotic tumors upon Nopp140 loss. 
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Chapter 3. Phenotypes Caused by the Over-expression of Nopp140 Variants 
Introduction 
Chapter 2 described the phenotypes generated by the loss of Nopp140. These included 
developmental delay, larval and pupal lethality, while viable adults showed deformed wings, legs, 
and tergites. Thus, Nopp140 is required for normal Drosophila development. In addition to 
depleting Nopp140, we also examine in this chapter the over-expression of the two Nopp140 
isoforms in Drosophila.   
Waggener and DiMario reported in 2002 that Drosophila Nopp140-RGG, when expressed 
in HeLa cells, localized to intact phase-dark nucleoli.  Drosophila Nopp140-True, when 
expressed in HeLa cells, caused the nucleoli to segregate into phase-light and phase-dark regions. 
Nopp140-True associated only with the phase-light regions. The two spliced mRNAs are 
identical in their first two exons that encode amino acid residues 1-583.  Due to alternative 
mRNA splicing, however, the two transcripts contain mutually exclusive exons that encode 
totally different carboxy termini. Amino acids 584-720 of Nopp140-RGG constitute a carboxy 
domain that contains an arginine and glycine rich domain made of arginine-glycine-glycine 
(RGG) repeats. It is the difference in carboxy termini that confers different localization patterns 
within HeLa cells (Waggener and DiMario, 2002).  
However, the above studies were heterologous expression: the Drosophila protein was 
over-expressed in human cells. In Chapter 3, we described the over-expression of both Nopp140 
variants in Drosophila embryos, larvae, and adults to monitor any adverse effects. The proteins 
were expressed in transgenic flies as GFP fusions using the UAS-GAL4 system. The GFP signal 
indicates the localization of both variants in Drosophila cells. Most progeny that over-expressed 
GFP-Nopp140-RGG displayed larval or pupal lethality, while most progeny that over-expressed 
GFP-Nopp140-True displayed larval lethality. Disrupted or deformed nucleoli in larval salivary 
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glands were the common phenotypes. We propose that proper levels of Nopp140 expression are 
critical for the normal development of Drosophila.  
Materials and Methods  
Drosophila Strains 
Most Drosophila melanogaster stocks were obtained from the Bloomington Stock Center 
(http://flystocks.bio.indiana.edu/).  Strains used in this study included the homozygous w1118 
stock and balancer stocks w*; Sp1/CyO and w*; ScmEt50/TM3.  GAL4 driver lines included 
P{w[+mW.hs]=GawB}T155 (Bloomington stock 5076), P{daGAL4.w[-]}3 (Bloomington stock 
8641), P{w[+mW.hs]=GawB}34B (Bloomington stock 1967), P{w[+mC]=Sgs3-GAL4.PD}TP1 
(Bloomington stock 6870), P{w[+mW.hs]=GawB}AB1(Bloomington stock 1824), and 
P{Act5C-GAL4}25FO1 (Bloomington stock 4414).  Other GAL4 driver lines included 
nanos-GAL4 from Pernille Rorth (EMBL, Heidelberg) and yellow-GAL4 from Craig Hart, 
(Louisiana State University, Baton Rouge). Flies were maintained at 21-23o C. 
Plasmid Construction 
We used plasmid pUAST for GAL4-mediated expression in transgenic flies (for details, see 
Brand and Perrimon 1993; Rorth, 1998; Duffy, 2002).  DNAs that encode either 
GFP-Nopp140-True or GFP-Nopp140-RGG (Waggener and DiMario, 2002) were ligated into 
pUAST.  These recombinant DNAs are designated pUAST-GFP-Nopp140-True and 
pUAST-GFP-Nopp140-RGG, respectively. 
P-element Mediated Transformation 
We used standard microinjection techniques (Spradling, 1986; Kiehart et al 2000) to 
transform w1118/w1118 embryos with the recombinant pUAST plasmid.  We co-injected the helper 
plasmid, pUChs∆2, that expresses transposase.  pUAST carries the mini-w+ gene; chromosomes 
harboring the mini-w+ gene were determined using marked balancer stocks CyO/sp1 for the 
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second chromosome, and TM3/ScmEt50 for the third chromosome, both in the w- background.  
Fluorescence Microscopy 
Larval and adult tissues expressing GFP-Nopp140 were dissected directly into Brower’s 2% 
paraformaldehyde solution (Brower, 1986; Blair, 2000) where they were allowed to fix for at 
least 10 minutes prior to mounting the tissues on microscope slides in a drop of the same fixative.  
Occasionally, tissues were stained with 4’-6-diamidino-2-phenylindole dihydrochloride (DAPI, 
Polysciences, Warrington, PA) (1.0 µg/ml) in the same solution prior to mounting.  We used a 
Zeiss Axioscop with a SPOT SE camera and software for image acquisition. 
Immunoblot Analysis  
Whole third instar larval lysates were prepared by disrupting the larvae in SDS-sample 
buffer (Laemmli, 1970) using a Branson Digital Sonifier with 40% amplification, 0.9s/0.1s pulse 
2 by 10s. Lysate proteins were resolved on SDS-polyacrylamide gradient (7.5-17%) gels, and 
blotted to nitrocellulose using the BioRad semi-dry system.  Blots were blocked with TTBS 
(0.9% NaCl w/v, 100 mM Tris pH 7.4, 0.1% Tween 20) and incubated for 2 hrs with hybridoma 
cell culture supernatant containing mouse mAb G1C7 that labels Nopp140 proteins (e.g. Cairns 
and McStay, 1995). The primary antibody was detected using an Elite Vectastain ABC 
anti-mouse/peroxidase kit (Vector Laboratories, Burlingame, CA) according to the manufacture’s 
directions.  Final development used 3, 3’-diaminobenzidine (DAB) at 0.8 mg/ml, cobalt chloride 
at 0.4 mg/ml, and 0.1% H2O2 in 100 mM Tris, pH 7.5.  
Results 
Construction of Transgenic Stocks and Mapping of the Transgene Location 
We ligated the cDNA encoding GFP-Nopp140-RGG and GFP-Nopp140-True (Waggener 
and DiMario, 2002) into the pUAST vector downstream of the tandem GAL4 UASs and the 
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minimal Hsp70 promoter. By P-element transformation, we generated 23 lines transgenic for 
GFP-Nopp140-RGG and 19 lines transgenic for GFP-Nopp140-True.  
For each recombinant DNA, independent insertion events were identified from at least two 
different injected embryos. Several transgenic stocks were generated from each transformed 
embryo to ensure the over-expression phenotypes resulting from each DNA, as shown in Table 
3.1. 
Table 3.1  At least two independent transgenic fly lines were prepared for each cDNA.  
Transgene Independent insertions (injected embryos) Generated stocks 
GFP-Nopp140-RGG 10 (A, B, C, D, E, F, G, H, I, J ) 23 
GFP-Nopp140-True  2  (A, B) 19 
We mapped the transgenes to the X, second, or third chromosomes by crossing the 
transgenic flies with w- flies that have balancer chromosomes with the dominant markers, such as 
CyO/Sp1 for the second chromosome and TM3/ScmET50 for the third chromosome. Integration on 
the X-chromosome was easily scored by segregation of w+ to all male progeny (Morgan, 1910).  
In vivo Expression of Exogenous Nopp140 Variants 
We introduced GFP tagged Nopp140-RGG and Nopp140-True cDNA into the genome of 
w1118 flies. Normally, the transgenic flies do not express exogenous Nopp140 variants unless the 
transgene is induced to do so by the minimal heat-shock Hsp70 or GAL4 UAS stimulation. 
Generally, heat-shock induces a weak to moderate expression of Nopp140 in all tissues, while 
GAL4 induces a much stronger Nopp140 expression in a tissue-specific manner. Homozygous 
transgenic stocks that carry either GFP-Nopp140-RGG or GFP-Nopp40-True transgenes were 
crossed with various homozygous GAL4 driver lines. The progeny from these crosses expressed 
GFP-tagged Nopp140-RGG or Nopp140-True in specific tissues.  Progeny were dissected and 
their tissues were examined by fluorescence microscopy.  We observed that both heat shock and 
 64
GAL4 induction stimulated the GFP-Nopp140-RGG and GFP-Nopp140-True exogenous 
expression.  Figure 3.1 showed the moderate expression of GFP-Nopp140-RGG in the 
Nopp140-RGG.E1/daGAL4 progeny, which did not show any abnormal phenotype. The GFP 
signals indicate that GFP-Nopp140-RGG localized to the nucleoli of various tissue cells, 
including salivary gland cells, intestinal cells, and Malpighian tubule cells. Nucleoli appeared as 
phase-dark region in the phase-contrast images, as indicated by the white arrows (Figure 3.1 A, C, 
E). Similarly, the exogenous expression of GFP-Nopp140-True localized to the nucleoli of 
various tissue cells as well (figure not shown). 
Additionally, we crossed the transgenic line pUAST-GFP with various GAL4 lines, and the 
pUAST-GFP/GAL4 progeny that expressed only GFP served as a negative control. As shown in 
Figure 3.2, GFP was expressed in the progeny, but dispersed throughout the cytoplasm instead of 
localizing to the nucleoli. The nucleoli were intact (Figure 3.2 A), and we did not observe any 
abnormal phenotype in the progeny. 
Over-expression of Nopp140 Variants Are Generally Lethal 
Knowing that the GFP tagged Nopp140 variants localized to nucleoli, we then studied the 
phenotype of over-expressing the Nopp140 variants in Drosophila. We crossed 
GFP-Nopp140-RGG and GFP-Nopp140-True transgenic lines with the daGAL4 driver line to 
induce over-expression phenotypes in the progeny. As a control, the pUAST-GFP/daGAL4 
progeny that express only GFP all showed normal phenotypes.  
The GFP-Nopp140-RGG/daGAL4 progeny from as many as 23 different lines were 
prepared. Eighteen out of the 23 lines displayed 100% larval or pupal lethality, as shown in table 
3.2. Disrupted or deformed nucleoli were observed in larval salivary glands with the 
over-expression of Nopp140 RGG (Figure 3.3, A-C). Nopp140-RGG.G4/daGAL4 progeny 
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Figure 3.1  GFP-Nopp140-RGG localized to the nucleoli of different cell types. 
Nopp140-RGG.E1/daGAL4 larvae or adult progeny were dissected directly in a 
formaldehyde-containing buffer. The phase-contrast images (A, C, E) show nucleoli as 
phase-dark spots. A, B: Polyploid salivary gland cells of third instar larvae; C, D: adult intestinal 
cells; E, F: Adult Malpighian tubule cells.  
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Figure 3.2  GFP localized throughout the cytoplasm in transgenic pUAST-GFP/nanosGAL4 
progeny that expressed only GFP.  Left: Phase-contrast image showed that the nucleoli were 
intact. 
 
Table 3.2  Phenotypes of progeny due to the over-expression of GFP-Nopp140-True and 
GFP-Nopp140-RGG. 
Genotypes Stocks Phenotypes and penetrance 
15 out of 23 
lines 100% larval and pupal lethal 
3 out of 23 100% larval lethal only 
1 out of 23 100% embryonic lethality GFP-Nopp140-RGG/daGAL4 
3 out of 23 
Fairly normal progeny with occasional 
tergite, hind leg and wing abnormalities, no 
lethality. 
1 out of 19 Normal progeny, no lethality 
16 out of 19 100% first instar larval lethality  GFP-Nopp140-True/daGAL4 
2 out of 19  Stock is homozygous lethal 
15 out of 23 
Mostly larval and pupal lethality. 
Occasional adult eclosion but with tiny body 
size, some with defective tergite, legs, or 
wings 
GFP-Nopp140-RGG/5076-GAL4 
7 out of 23 100% larval lethality 
GFP-Nopp140-True/5076-GAL4 11 out of 19  
Mostly larval and pupal lethality, many die 
at eclosion. Occasional adult eclosion but 
with small body size and short abdomen; 
3/19 show development delay. 
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showed 100% larval and pupal lethality.  Nucleoli in the salivary glands were disrupted, as 
shown by the absence of phase-dark regions in the phase-contrast image (Figure 3.3 C) compared 
with the phase-dark nucleoli observed progeny that moderately express GFP-Nopp140-RGG 
(Figure 3.1A). GFP-Nopp140.RGG.E1/daGAL4 progeny showed normal phenotypes and no 
lethality. DAPI signals generally show the nuclear area. The overlapping of the GFP and DAPI 
signals showed that the GFP-Nopp140-RGG dispersed throughout the nucleoplasm in the 
nucleoli-disrupted cells (Figure 3.3, A and B). In summary, disrupted nucleoli, abnormally 
dispersed Nopp140-RGG in the nucleoplasm, and larval and pupal lethality are common 
phenotypes associated with the strong over-expression of exogenous Nopp140-RGG.  
GFP-Nopp140-True/daGAL4 progeny from as many as 19 transgenic lines were prepared. 
Except for GFP-Nopp140-True.A1/daGAL4 progeny which showed normal phenotypes, all the 
other GFP-Nopp140-True/daGAL4 progeny displayed 100% larval lethality (table 3.2). 
Deformed nucleoli were also observed in larval salivary glands that strongly over-expressed 
Nopp140-True (Figure 3.3, D-F). GFP-Nopp140-True.A9/daGAL4 progeny showed 100% larval 
lethality: they all died before the second instar larval stage. Some of their nucleoli appeared 
deformed. Similarly, GFP-Nopp140-True.A9/6870-GAL4 progeny strongly over-expressed 
Nopp140-True in the larval salivary glands, and the nucleoli appeared disrupted as indicated by 
the lack of defined phase-dark region (Figure 3.3 F). And the overlapping of GFP signal and 
DAPI signal (Figure 3.3, D and E) indicated that GFP-Nopp140-True dispersed throughout the 
nucleus. On the other hand, nucleoli appeared intact in cells of the homozygous 
GFP-Nopp140-True.A9 larvae that were heat shocked to induce a weak to moderate expression 
of Nopp140-True (Figure 3.3 I). In these homozygous larvae, GFP-Nopp140-True localized 
exclusively to the nucleoli without any signal from the nucleoplasm (Figure 3.3 G). Taken 
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together, deformed nucleoli and larval lethality were associated with the strong over-expression 
of GFP-Nopp140-True. 
To confirm the over-expression of exogenous GFP-Nopp140 variants, we checked the 
expression levels of Nopp140 in third instar GFP-Nopp140-RGG/daGAL4 larvae. Total lysates 
from the Nopp140-RGG.G3/daGAL4 and w1118/daGAL4 progeny were fractionated on a 
SDS-PAGE gel. The Western blot was probed with mAb G1C7; it shows an extra band of 
exogenous GFP-Nopp140-RGG of about 145 kDa in addition to the endogenous Nopp140 band 
at about 120 kDa (Figure 3.4. lane 2 and lane 3). The extra band is about 25 kDa larger than the 
lower endogenous Nopp140 band, which is about the size of the GFP tag. Proteolysis of the 
exogenous protein was evident by the increasing staining of multiple smaller bands. 
In addition to the cross with daGAL4, which is a strong driver line ubiquitously expressing 
GAL4, we also over-expressed the Nopp140 variants by crossing the transgenic stocks with 
various other driver lines. 5076-GAL4 females crossed with GFP-Nopp140-RGG males showed 
different degrees of larval and pupal lethality, and most progeny died at pupal eclosion (15 lines 
out of 23 lines) (Figure 3.5, A and B). Crosses in the reverse direction (GFP-Nopp140-RGG 
females crossed to 5076-GAL4 males) showed more severe abnormalities: most progeny were 
larval lethal (10 out of 23 lines).  The difference in severity may be caused by different amounts 
of Nopp140-RGG expression in the different crosses. Exactly what tissues express more 
GFP-Nopp140-RGG leading to earlier lethality would need to be further explored. Despite larval 
and pupal lethality, a few progeny finally did eclose as adults, but all had tiny body sizes and 
short abdomens (Figure 3.5C right) compared with the w1118/5076-GAL4 progeny (Figure 3.5C 
left). Fluorescence microscopic images also indicated that GFP-Nopp140-RGG and 




Figure 3.3  Over-expression of GFP-Nopp140 variants in transgenic flies caused deformed or 
disrupted nucleoli. A,B,C: GFP-Nopp140-RGG over-expression in salivary glands from second 
instar GFP-Nopp140-RGG.G4/daGAL4 progeny; A: GFP signal indicated GFP-Nopp140-RGG 
localized throughout the nucleoplasm; B: DAPI staining of chromatin; C: phase-contrast image 
showed a lack of discernible nucleoli;  D,E,F  Salivary glands of third instar 
GFP-Nopp140-True.A9/6870-GAL4 progeny; D: The GFP signal indicates that 
GFP-Nopp140-True localized in nucleoplasm of over-expressing cells; E: DAPI staining of 
chromatin indicates the nuclear compartment; F: phase-contrast image shows that some nucleoli 
were disrupted; G,H,I: Third instar larvae homozygous for Nopp140-True.A9 were heat shocked 
for 1 hr and allowed to recover for 1 hr, after which the salivary glands were dissected. H: DAPI 
staining of chromatin; G: GFP signal showed localization of Nopp140-True in the nucleoli; I. 




Figure 3.4  An immuno-blot containing whole lysates of third instar larvae shows exogenous 
GFP-Nopp140 expression.  The blot was probed with mAb G1C7 that recognizes a basic 
epitope of Nopp140.  Lane 1: the bands show pre-stained protein markers of 170 and 83 kDa.  
Lanes 2 and 5: RGG.G3/daGAL4 larvae contained endogenous Nopp140 at 120 kDa and 
over-expressed GFP-Nopp140-RGG at ~145 kDa (black arrow).  Lanes 3, 6: non-transformed 
w1118/w1118 larvae displayed only endogenous Nopp140 (white arrow). 
 
When induced by different GAL4 driver lines, tissue-specific over-expression of 
GFP-Nopp140 variants displayed various abnormal phenotypes. We observed wavy wings in the 
Nopp140-RGG.B3/yellow-GAL4 progeny, as shown in Figure 3.5D (left). The penetrance is 
almost 100%.  
We observed small body sizes in the GFP-Nopp140-True/yellow-GAL4 progeny. We 
crossed Nopp140-True.A4 transgenic line with yellow-GAL4/TM3 driver line. Approximately 
half of the progeny (Nopp140-True.A4/yellow-GAL4) expressed GFP-Nopp140-True, which all 
displayed small body sizes, as shown in Figure 3.6 A and B (left flies). The other half progeny 
(Nopp140-True.A4/TM3) did not express GFP-Nopp140-True, and they displayed trimmed wings 
and normal sizes, which served as a negative control (Figure 3.6 A and B, right flies).   
These results indicate that over-expression of Nopp140 variants cause growth arrest that 
leads to various abnormal phenotypes in surviving adults.  Thus, while Chapter 2 showed that a 
loss of Nopp140 was detrimental toward normal development, over-expression is also 
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detrimental. We conclude that the proper amount of expressed Nopp140 is critical for the normal 
development of Drosophila.  
The only GFP-Nopp140-True progeny that did not show any abnormality was 
Nopp140-True.A1/daGAL4. We dissected the various tissues and checked for 
GFP-Nopp140-True localization in nucleoli using fluroscence microscopy. We observed that 
GFP-Nopp140-True did express in salivary gland cells, however, the non-overlap of GFP and 
DAPI signals showed that all the GFP-Nopp140-True protein aggregated outside the nucleus. 
Phase-contrast and DAPI staining images showed that both the nucleoli and chromatin were kept 
intact (Figure 3.7, panel I). To exclude any possible variations due to GAL4 driver lines, we also 
crossed the Nopp140-True.A1 stock with the 1967-GAL4 driver line. We observed the same 
phenotypes in these progeny: all GFP-Nopp140-True aggregated outside of the intact nucleus, as 
shown in Figure 3.7, Panel II.  Thus, these results indicate that GFP-Nopp140-True.A1 may be a 
truncated version of the transgene within the genome. That is, GFP is encoded at the amino 
terminus as for all the Nopp140 fusions, but the Nuclear Localization Signal in Nopp140 may 
have been deleted from the GFP-Nopp140-True transgene insert in the Nopp140-True.A1 stock. 
Since GFP is expressed from GAL4-UASs, the A1 progeny serve as controls for all other 
progeny that over-express GFP-Nopp140 but show abnormalities or lethality. 
Discussion 
Nopp140 shuttles between the nucleus and the cytoplasm, as do several other nuclear and 
nucleolar proteins.  Nopp140 also binds nuclear localization signals in other nucleophilic 
proteins when its many serine residues are phosphorylated by CKII.  This is consistent with the 
possibility that Nopp140 and other nucleolar shuttling proteins serve as chaperones in the 
transport of ribosomal proteins into the nucleus, carrying ribosomal subunits out of the nucleus 
and carrying ribosomal protein into nucleus. Vertebrate Nopp140 interacts with box C/D and 
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Figure 3.5  Abnormal phenotypes due to Nopp140-RGG over-expression. A-C: 
Nopp140-RGG.C1/5076-GAL4 progeny. A: Progeny died at the early pupal stage (left). B: Some 
progeny died at pupal eclosion. C: Those few that did survive to adulthood showed tiny body 
sizes and short abdomens (right). D: Abnormal wings from 
GFP-Nopp140-RGG.B3/yellow-GAL4 progeny. Left: wavy wing of 
Nopp140-RGG.B3/yellow-GAL4 progeny; right: normal wing of w1118/yellow-GAL4 progeny. 
 
 
Figure 3.6  Nopp140-True.A4/yellow-GAL4 progeny displayed tiny body sizes (left flies in A 




Figure 3.7  Exogenously expressed GFP-Nopp140-True.A1 localized outside the nucleus and 
clustered in the cytoplasm with the nucleoli left intact. All images were taken from the third 
instar larval salivary glands. Panel I: from GFP-Nopp140-True.A1/daGAL4. A, D: 
GFP-Nopp140-True clustered outside the nucleus; B: DAPI staining of chromatin; E: 
phase-contrast image show intact nucleoli; C: merged images of A and B show a non-overlap of 
GFP and DAPI signals; Panel II: from GFP-Nopp140-True.A1/1967-GAL4. A: intact nucleoli in 
phase-contrast image; D: merged images from B and C show the non-overlap of GFP and DAPI 
signals: GFP-Nopp140-True clustered in the cytoplasm outside the nucleus. 
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box H/ACA snoRNP complexes within the dense fibrillar components of nucleoli and within 
nuclear Cajal bodies (Yang, 2000). Nopp140 interacts with NAP57, a constituent protein within 
box H/ACA snoRNPs (Meier and Blobel, 1994). Nopp140 also interacts with NAP65, a 
constituent protein of box C/D snoRNPs. Perhaps Nop140 acts as a chaperone in snoRNP 
assembly or transport, or perhaps Nopp140 participates in the processing and modification of 
pre-rRNA, and thus the assembly of ribosomal subunits.  
Our results show that strong over-expression for either Nopp140-RGG or Nopp140-True, 
which is induced by strong GAL4 drivers such as daGAL4 and 5076-GAL4, is generally lethal. 
Malformed or disrupted nucleoli are commonly observed in the over-expressing flies. When 
crossed with several other tissue- and developmentally-specific GAL4 driver lines, we observed 
progeny that had small body sizes, wavy wings, or that displayed larval and pupal lethalities. 
These results suggest that proper amounts of both Nopp140 variants are critical for normal 
development. The phenotypes caused by Nopp140-True over-expression appeared to be more 
severe than those for Nopp140-RGG. This may suggest differences in their functional 
contribution. It also suggests Nopp140-True is the predominant isoform, at least functionally. 
Nopp140-True.A1/daGAL4 progeny survived to adulthood, and GFP-Nopp140-True 
conjugated into clusters outside the nucleus, leaving the nucleoli intact. The 
Nopp140-True.A1/1967-GAL4 progeny showed the same phenotype. One possibility is that a 
truncated form of the GFP-Nopp140-True cDNA exists within the genome of the transgenic 
stock. The nuclear localization signal may have been accidentally deleted from 
GFP-Nopp140-True cDNA in the construction of the Nopp140-True.A1 stock. Since GFP is 
expressed from GAL4-UASs, the Nopp140-True.A1 progeny serve as controls for all other 
progeny that over-express GFP-Nopp140 but show abnormalities or lethality 
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In earlier chapters, we described abnormal phenotypes associated with Nopp140 knockdown 
by RNA interference, and abnormal phenotypes associated with Nopp140 variant over-expression. 
We correlated these abnormal phenotypes with the Nopp140 expression levels by biochemical 
and microscopic analyses. We hypothesize that proper amounts of Nopp140 expression are 
critical for the fruitfly’s normal development. To further verify this hypothesis, we performed a 
rescue experiment by combining transgenes that encode interferring RNA and those that 
over-express Nopp140 in the same line. As described in this chapter, the combination results in 
mutual rescue.   
Materials and Methods  
Drosophila Strains 
Strains used in this study included the homozygous w1118 stock, balancer stocks w*; Sp1/CyO 
and w*; ScmEt50/TM3, the daGAL4 driver line P{daGAL4.w[-]}3 (Bloomington stock 8641), 
various transgenic lines that express RNAi or that over-express GFP-Nopp140-RGG and 
GFP-Nopp140-True as described in Chapters 2 and 3.  Flies were maintained at 21-23o C. 
Construction of Double-homozygous Stocks 
RNAi transgenic stocks carrying the transgene on the third chromosome (+/+, A/A) (A 
denotes the transgene), were crossed with the marker second chromosome balancer stock (CyO/ 
Sp1, +/+), as shown in Figure 4.1.  F1 progeny males and virgin females that showed light 
orange eyes and curled wings (CyO/+, A/+) were crossed with each other. The F2 progeny that 
had dark orange eyes and curled wings were homozygous for over-expression transgenes on the 
third chromosome, but heterozygous for CyO on the second chromosome (CyO/+, A/A). 
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Over-expression transgenic stock carrying the transgene on the second chromosome (B/B, 
+/+) (B denotes the transgene) were crossed with the marker line (+/+, TM3/ScmEt50). F1 
progeny males and virgin females that showed orange eyes and trimmed wings (B/+, TM3/+) 
were crossed with each other. The F2 progeny that had dark orange eyes and trimmed wings (B/B, 
TM3/+) were collected and crossed to the F2 RNAi progeny (CyO/+, A/A). The F3 progeny with 
trimmed and curled wings (B/CyO, A/TM3) were crossed with each other. The F4 progeny with 
both straight and full wings were the double-homozygous transgenic flies that carried both RNAi 
and over-expression transgenes.  I next crossed them to set up stable double-homozygous stocks 
(B/B, A/A). Here, A denotes either RNAi-encoding pUAST-dsCommon, pUASp-dsCommon, 
pUAST-dsRGG, or pUAST-dsTrue.  B denotes either the over-expression GFP-Nopp140-RGG 
or GFP-Nopp140-True transgene.  
 
Figure 4.1  Construction of double-homozygous stocks. A: transgene in 2nd chromosome, such 
as Nopp140-RGG.G4 and Nopp140-True.A4; B: transgene in 3rd chromosome, such as 
T.dsCommon.C3. 
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Fluorescence Microscopy  
Larval and adult tissues expressing GFP-Nopp140 variants, RNAi, or both were dissected 
directly into Brower’s 2% paraformaldehyde solution and allowed to fix for at least 10 minutes 
prior to mounting the tissues on microscope slides in a drop of the same fixative.  Occasionally, 
tissues were stained with 4’-6-diamidino-2-phenylindole dihydrochloride (DAPI, Polysciences, 
Warrington, PA) (1.0 µg/ml) in the same solution prior to mounting.  We used a Zeiss Axioscop 
with a SPOT SE camera and software for image acquisition. 
Result 
RNAi Phenotypes Were Rescued by Exogenous Expression of Nopp140 Variants  







Early and late pupal lethality (67%), no larval lethality; 
Some eclosed as adults (33%), and abnormal tergites 
and opaque wings in some of these viable adults; Slight 




Some early and late pupal lethality, no larval lethality; 
Some eclosed as adults; opaque wing and small body 
with underdeveloped abdomen in some of the progeny; 
slight developmental delay, adults began to eclose 16 
days after cross. 
w1118/w-; Nopp140-RGG.G4/+; 
pUAST-dsCom.C3/daGAL4 
100% early and late pupal lethality, no larval lethality; 
development delay: began to see late pupae 16 days 
after cross,  
w1118/w-; Nopp140-True.A4/+; 
+/daGAL4 100% died at embryo/first instar stages 
w1118/w-; Nopp140-True.A9/+; 
+/daGAL4 100% died at embryo/first instar stages 
w1118/w-; Nopp140-RGG.G4/+; 
+/daGAL4 100% died at embryo/first second instar stages 
w1118/w-; +/+; 
pUAST-dsCom.C3/daGAL4 100% died at early pupal stage, no obvious delay 
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We generated double homozygous flies that can express wither GFP-Nopp140 variant and 
RNAi directed against Nopp140 mRNA. When crossed with GAL4 driver lines, we observed that 
the over-expression phenotypes and the RNAi phenotypes were mutually rescued by each other, 
as shown in Table 4.1. 
GFP-Nopp140-RGG Over-expression and dsCommon-RNAi Phenotypes Mutually Rescued 
to Certain Degrees 
 
 
Figure 4.2  First instar larvae displaying Nopp140 over-expression versus RNAi rescue. A: 
Nopp140-True.A9/daGAL4 larvae, B: Nopp140-True.A9/T-dsCom.C3/daGAL4 larvae; C: 
Nopp140-RGG.G4/daGAL4 larvae; D: Nopp140-RGG.G4/T-dsCom.C4/daGAL4 larvae. The GFP 
signals in Nopp140-True and Nopp140-RGG variant over-expression larvae are much stronger 
than the double heterozygous/daGAL4 larvae. All images were taken at the same microscopic 
parameters to maintain relative signal strength.  
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Figure 4.3  Mutual GFP-Nopp140 and RNAi expressions in Malpighian tubules     
of GFP-Nopp140 and RNAi double heterozygous/daGAL4 progeny.  A and B: 
Nopp140-RGG.C2/+, pUAST-dsCom.B1/daGAL4 progney; C and D: Nopp140-RGG.G4/+, 
pUAST-dsCom.C3/daGAL4 progney.  Uneven GFP intensity in the nucleoli of same tissue 
indicates the co-existence of RNAi and GFP-Nopp140 expression in the same tissue. 
 
We observed that the GFP-Nopp140-RGG over-expression and dsCommon-RNAi 
phenotypes rescued each other to certain degrees. The pUAST-dsCom.C3/daGAL4 progeny that 
expressed RNAi to knock down both Nopp140 variants showed 100% early pupal lethality. The 
GFP-Nopp140-RGG.G4/daGAL4 progeny that strongly over-expressed Nopp140-RGG showed 
100% larval lethality in the first and second instar stages. However, the 
double-heterozygous/daGAL4 progeny survived to a later stage: 100% of the 
double-heterozygous/daGAL4 progeny showed early and late pupal lethality. Most of them died 
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at late pupal stage (Table 4.1). We confirmed the co-existence of GFP-Nopp140 variants 
over-expression and RNAi with fluorescence microscopic analysis. Since 100% of 
Nopp140-RGG.G4/daGAL4 progeny died before the second instar stage, I picked the first instar 
larvae of both Nopp140-RGG/daGAL4 and the double-heterozygous/daGAL4 flies. Larval tissues 
were fixed in a formaldehyde solution, and the strength of GFP signals were compared under 
fluorescence microscopy. As shown in Figure 4.2 C and D, the GFP signal in double 
heterozygous/daGAL4 larvae were much weaker compared with that in just the 
Nopp140-RGG/daGAL4 larvae. This indicated that part of the GFP-Nopp140-RGG was knocked 
down by RNAi.  Additionally, while the exogenous GFP-Nopp140-RGG expression shows 
equivalent GFP signals in all neighboring cells of the tissue (Figure 3.1), neighboring cells in 
same tissue of double-heterozygous/daGAL4 progeny showed an uneven distribution of GFP 
signals.  As shown in Figure 4.3 A and C, in the Malpighian tubules of 
GFP-Nopp140-RGG/dsCommon-RNAi/daGAL4 progeny, strong GFP signals in some nucleoli 
indicated the over-expression of GFP-Nopp140-RGG, while the weak and even silent GFP 
signals in the neighboring cells indicated that GFP-Nopp140-RGG was knocked down by RNAi. 
These results suggest the co-existence of GFP-Nopp140-RGG and RNAi in the same tissue 
(Figure 4.3).  
GFP-Nopp140-True Over-expression and dsCommon-RNAi Phenotype Can Rescue Each 
Other 
Similarly, we observed that the GFP-Nopp140-True over-expression and dsCommon-RNAi 
phenotypes rescued each other to certain degrees. The pUAST-dsCommon.C3/daGAL4 progeny 
that expressed RNAi to knock down both Nopp140 variants showed 100% early pupal lethality 
(Table 4.1). The GFP-Nopp140-True. A9/daGAL4 progeny showed 100% embryonic and first 
instar larval lethality due to over-expression of GFP-Nopp140-True. However, the double 
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heterozygous/daGAL4 (GFP-Nopp140-True.A4/T-dsCom.C3/daGAL4) progeny survived to later 
stages. No larval lethality was observed in these progeny, and some progeny died at early and late 
pupal stages instead. As many as one third survived into adult. These viable adults showed 
various degrees of abnormalities such as opaque wings, smaller body size, under-developed 
abdomens, and some males lacked pigment in their tergites (Table 4.1). Thus, the over-expression 
of either GFP-Nopp140-RGG or GFP-Nopp140-True could rescue the dsCommon-RNAi 
phenotypes, suggesting functional redundancy between the two isoforms. 
Additionally, the over-expression of GFP-Nopp140-True dramatically rescued 
RNAi-induced pupal lethality (from early pupal lethality to viable adults), conversely, the 
over-expression of GFP-Nopp140-RGG only partially rescued RNAi pupal lethality (from early 
pupal lethality to late pupal lethality). Thus, these results indicated that the Nopp140-True is the 
functionally dominant Nopp140 isoform in Drosophila.  
We confirmed the co-expression of GFP-Nopp140-True and RNAi by fluorescence 
microscopic analysis as well. Because 100% of Nopp140-True. A9/daGAL4 progeny died before 
the second instar stage, first instar larvae of both GFP-Nopp140-True/daGAL4 and the double 
heterozygous/daGAL4 progeny were examined for relative amounts of GFP-Nopp140-True 
localized to nucleoli. The larvae were fixed in a formaldehyde solution, and compared under 
fluorescence microscopy. As shown in Figure 4.2 A and B, the GFP signals in the 
GFP-Nopp140-True.A9/T.dsCom.C3/daGAL4 progeny were much weaker compared with that in 
the GFP-Nopp140-True.A9/daGAL4 progeny. 
Discussion 
We described in Chapter 2 that the knock down of Nopp140 induced complex abnormal 
phenotypes, including prolonged development, notched or malformed wings, fused or malformed 
tergites, deformed hind legs, and lethality in various developmental stages. Our western blot and 
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RT-PCR analyses showed that these abnormalities were associated with various degrees of 
Nopp140 protein and mRNA loss.  
Additionally, for both Nopp140-RGG and Nopp140-True transgenes, GAL4 induced 
over-expressions were generally lethal. Malformed or disrupted nucleoli were commonly 
observed in the over-expression larvae, and the GFP-Nopp140 variants were observed to disperse 
throughout the nucleus with nucleolus disruption.  
In this chapter, we exogenously expressed the GFP-Nopp140 variants to reimburse the 
endogenous Nopp140 which was knocked down by RNAi.  The co-existence of GFP-Nopp140 
variants over-expression and RNAi was confirmed by fluorescence microscopic analysis. the 
GFP signals in double-heterozygous/daGAL4 larvae were much weaker compared with that in the 
GFP-Nopp140/daGAL4 larvae. Additionally, while the exogenous GFP-Nopp140-RGG 
expression shows equivalent GFP signals in all neighboring cells of the tissue, neighboring cells 
in same tissue of double-heterozygous/daGAL4 progeny showed an uneven distribution of GFP 
signals. Strong GFP signals in some nucleoli indicated the over-expression of GFP-Nopp140, 
while the weak and even silent GFP signals in the neighboring cells indicated that GFP-Nopp140 
was knocked down by RNAi.  
We observed that the over-expression of either GFP-Nopp140-RGG or GFP-Nopp140-True 
could rescue the RNAi phenotypes. On the other hand, the lethalities induced by exogenous 
Nopp140-RGG or Nopp140-True over-expression were rescued by dsCommon-RNAi knock 
down. These results suggested some functional redundancy between the two Nopp140 isoforms. 
Our results also showed that the over-expression of GFP-Nopp140-True dramatically 
rescued RNAi-induced pupal lethality, conversely, the over-expression of GFP-Nopp140-RGG 
only partially rescued RNAi pupal lethality. Thus, these results indicated that the Nopp140-True 
is the functionally dominant Nopp140 isoform in Drosophila.  
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The successful rescue experiment between RNAi and GFP-Nopp140 over-expression 
confirmed that RNAi knock down of Nopp140 was successful---the abnormal RNAi phenotypes 
were rescued by exogenous expression of Nopp140. These results further demonstrate that proper 
amounts of both Nopp140 variants are critical for Drosophila normal development. 
We showed that the over-expression of either Nopp140-RGG or Nopp140-True could rescue 
RNAi-induced loss of Nopp140 phenotypes. As we know, Nopp140 homologs are structurally 
conserved among species, they may be also functionally related.  Deletion of SRP40, the 
homolog of Nopp140 in yeast, caused a minor growth impairment, while its over-expression 
resulted in a severe growth defect. Similarly, the over-expression of rat Nopp140 caused growth 
impairment in yeast (Meier, 1996).  We wonder if other Nopp140-like protein can rescue loss of 
Nopp140 phenotype in Drosophila.  Since treacle is similar to Nopp140 in both structure and 
nucleolar localization, and since loss of either protein caused growth defects possibly arose from 
insufficient ribosome biogenesis, it is interesting to investigate whether treacle can functionally 
substitute Drosophila Nopp140 and rescue the RNAi knock down of Nopp140 in Drosophila. 
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Chapter 5.  Conclusions and Future Directions 
Nopp140 was first described as an NLS-binding protein in rat (Meier and Blobel, 1990, 
1992). Its homologs have been identified in various organisms. These include Xenopus 
xNopp180 (Cairns and McStay, 1995), human p130 (Pai et al., 1995; Chen et al., 1999; Pfeifle 
and Anderer, 1984; Pfeifle et al., 1986; Vandelaer and Thiry, 1998; Isaac et al., 2000), yeast 
Srp40 (Meier, 1996), and Drosophila Nopp140 (Waggener and DiMario, 2002).  Nopp140 
contains a large central region consisting of several alternating acidic and basic regions. A 
conserved carboxy terminus follows the central acidic and basic domain (Meier, 1996). Waggener 
and DiMario (2002) reported two potential splice variants of Nopp140 in Drosophila 
melanogaster that differ in their carboxy ends. Drosophila Nopp140-True appears to be the 
sequence homolog of vertebrate Nopp140 in overall peptide domain composition and 
arrangement. Nopp140-RGG is identical to Nopp140-True throughout most of its primary 
sequence (residues 1-583), but its carboxy terminal contains an RGG domain that is similar to the 
carboxy terminal RGG domain in vertebrate nucleolin (Lapeyre et al., 1987). Nopp140-RGG is 
the first example of a Nopp140-like protein reported thus far that contains a peptide domain 
typically reserved for RNA-binding proteins (Burd and Dreyfuss, 1994; Waggener and DiMario, 
2002). 
Nopp140 has been reported to have multiple and diverse functions. Vertebrate Nopp140 
localizes to nucleolar DFCs, and it shuttles between the nucleus and the cytoplasm (Meier and 
Blobel, 1992). This is consistent with a chaperone function of Nopp140 in the transport of 
karyophilic proteins into the nucleus, or in the export of nuclear products to the cytoplasm. 
Phosphorylation may regulate this chaperone function. Nopp140 binds nuclear localization signal 
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(NLS)-containing proteins in vitro when its multiple serines are phosphorylated by CKII, whereas 
the dephosphorylated version of Nopp140 can’t (Meier and Blobel, 1990).  
Nopp140 may function in transcription regulation of rRNA genes within nucleoli and certain 
non-ribosomal genes presumably outside the nucleolus. Nopp140 interacts with the largest 
subunit of RNA polymerase I (Chen et al., 1999). It may also interact with C/EBPβ and TFIIB to 
activate the alpha-1-acid glycoprotein gene (agp) in mammalian liver (Miau et al., 1997).  
Nopp140 may also function in pre-rRNA processing and ribosome biogenesis within the 
DFCs. Nopp140 associates with both classes of mammalian snoRNP particles (box H/ACA and 
box C/D snoRNPs) as determined by co-immunoprecipitations (Yang et al., 2000). Nopp140 
associates in stoichiometric amounts with rat NAP57, a protein component of box H/ACA 
snoRNPs (Meier and Blobel, 1994). The Drosophila homolog of NAP57 is Nop60B, the product 
of the minifly (mfl) gene (Phillips et al. 1998; Giordano et al., 1999). Mutations in mfl lead to 
reduced body size, abnormal eggs, and reduced fertility. NAP57 and Nop60B are both related to 
TruB, a pseudouridine synthase for tRNAs in Escherichia coli. Therefore, Nopp140 may be 
involved in pseudouridine conversion by the box H/ACA snoRNP particles.  
Besides box H/ACA snoRNPs, Nopp140 co-precipitates with components of the box C/D 
snoRNPs. Specifically, Nopp140 associates with fibrillarin and mammalian NAP65 (Nop5/58p in 
yeast), both of which are components of box C/D snoRNPs that are required for site-specific 
methylation of the pre-rRNA (Yang et al., 2000).  
In yeast, deletion of the SRP40 gene, which encodes the Nopp140 homologue, causes minor 
growth impairment, whereas overproduction of Srp40 causes severe growth impairment (Meier, 
1996).  
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RNAi-induced Loss of Nopp140 Induces Minute Phenotype in Drosophila  
We are the first to study the morphological effects of Nopp140 loss and over-expression in a 
metazoan organism, Drosophila melanogaster. We showed that proper amounts of Nopp140 are 
critical for normal development of Drosophila. Transgenic flies were constructed that carry 
P-element insertions encoding either dsRNA or either of the two GFP-Nopp140 variants. We 
expressed RNAi by the GAL4-UAS system to identify loss of function phenotypes of Nopp140 
variants in Drosophila. We observed that the knock down of Nopp140 in Drosophila induced 
complex abnormalities that included developmental delay, larval and pupal lethality, and 
deformed wings, legs, and tergites in adults that survived. These affected tissues develop from 
imaginal discs (wings and legs) in larvae and histoblasts (tergites) in pupae that undergo rapid 
cell division. Therefore these tissues are extremely sensitive to insufficient amounts of ribosome 
and protein synthesis.   
The loss of Nopp140 phenotypes fall into the Drosophila Minute syndrome that displays a 
complex set of phenotypes in various tissues possibly due to insufficient amounts of protein 
synthesis.  Classic Minute phenotypes are the dominant phenotypes of prolonged development 
and short, slender bristles on the adult body. Additionally, many Minute heterozygotes have 
reduced viability and fertility, and several show additional patterning and growth defects such as 
roughened eyes, abnormal wings, defective abdominal segmentation, and small body size. 
Numerous Minutes show dominant genetic interactions with other mutations, especially with 
those that perturb wing development (Schultz, 1929; Hart et al. 1993).  Homozygous Minute 
mutations are lethal, and one copy of a Minute gene produces inadequate gene product for normal 
development. Thus the mutations are considered haplo-insufficient. Most Minute phenotypes are 
a direct result of suboptimal protein synthesis.  Fifty-five Minute genes have been reported so far, 
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13 of which encode ribosomal proteins, and others encode translation factors and factors that 
could be involved in ribosome biogenesis.  
Combining the RNAi-induced phenotypes with RT-PCR results, we show a direct 
correlation between the loss of Nopp140 mRNA and the severity of phenotypes. The lower the 
Nopp140 mRNA levels, the more severe the abnormal phenotypes of the RNAi-expressing 
progeny. The RNAi-expressing progeny that showed the most severe phenotype (larval and pupal 
lethality) had the most significant loss of Nopp140 mRNA. Those RNAi expressing progeny that 
survived to adulthood with various relatively minor leg, wing, and tergite defects displayed 
moderate (~30%) Nopp140 mRNA loss, while the RNAi expressing progeny with no obvious 
abnormalities showed mRNA levels comparable to wild type progeny. The sequence of the DNA 
segments used to encode dsRNA matched only the Nopp140 gene in the Drosophila genome. 
This indicates that our RNAi specifically knocked down only the Nopp140 variants. The results 
indicate that sufficient amounts of Nopp140 above a threshold level are required at critical 
developmental stages for normal development in Drosophila. Considering the specific 
Minute-like phenotypes caused by the loss of Nopp140, the results presented in this thesis 
suggest that sufficient amounts of Nopp140 are necessary for ribosome biosynthesis. 
The RT-PCR results also indicate that the RpL32 and Act5C mRNA levels were not affected 
by the loss of Nopp140. We did not however, obtain conclusive results with fibrillarin mRNA 
levels, perhaps because the GC rich sequence may be difficult to quantitatively amplify. 
The Minute Phenotypes Induced by Loss of Nopp140 in Drosophila Mimic the Human 
Treacher Collins Syndrome 
Results presented in this thesis also suggest that the Minute phenotypes brought on by the 
loss of Nopp140 mimic the human Treacher Collins Syndrome (TCS). Both syndromes share 
several similarities (see Table 2.3 in Chapter 2). TCS is an autosomal dominant disorder of 
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craniofacial morphogenesis. It is caused by mutations in the TCOF1 gene, which encodes treacle, 
a nucleolar phosphoprotein very similar to Nopp140 in both structure and subcellular localization. 
Mutations in TCOF1 are haplo-insufficient, and heterozygous individuals show complex 
phenotypes with variable expressivity. Severely affected adults display craniofacial deformities 
that include hypoplasia of facial bones, under-developed or malformed outer ears, external ear 
canals, and middle ear structures, all causing a conductive hearing loss. TCS individuals also 
display a downward slant of the palpebral fissure, hypoplasia of the lower eye lids, and cleft 
palate. These affected tissues arise from the first and second branchial arches which undergo 
rapid cell division during embryonic development (days 24±1 in human).  
The Drosophila Minute phenotypes are caused by loss of Nopp140, the closest treacle 
homologue in Drosophila. Our results show that the loss of Nopp140 mimics the 
haplo-insufficient Minute mutations. Affected flies show complex phenotypes with various 
expressivities, including deformed wings, legs, and tergites. These affected tissues develop from 
imaginal discs in larvae and histoblast in pupae that normally undergo rapid cell division. The 
Minute-like phenotypes caused by the loss of Nopp140 are likely caused by insufficient ribosome 
synthesis, the fundamental abnormality predicted to be the basis for TCS. Thus, we propose that 
the Minute syndrome in Drosophila is a good molecular-genetic model for the study of TCS in 
humans. 
We observed severe abnormal phenotypes with high penetrance in various transgenic lines 
that express RNAi specific for the knock down of both Nopp140 variants. However, we did not 
see severe abnormalities in those lines that expressed RNAi to specifically knock down only 
Nopp140-True or only Nopp140-RGG.  RT-PCR results that were not presented in this thesis 
indicated that mRNA levels were reduced in both dsRGG and dsTrue RNAi progeny compared 
with that in wild type progeny. However, the reduction was not enough to cause severe 
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phenotypes. It remains possible that the Nopp140-True and Nopp140-RGG protein isoforms 
share some functional redundancy, such that the loss of one isoform is rescued by the presence of 
the other isoform (see Chapter 4).   
We observed abnormal chromatin morphology in RNAi-expressing progeny that showed 
severe phenotypes. The chromatin was in condensed chromosome-like shapes. Such results 
suggested that the loss of Nopp140 may induce mis-regulation of some factors involved in 
chromosome assembly. Both salivary glands and the cells were much smaller compared with 
those in wild type progeny, while the nucleoli themselves appeared not much affected. This 
would suggest the overall health of the gland cells may be poor.  
Loss of Nopp140 caused complex Minute phenotypes, which generally resulted from 
insufficient ribosome production and protein synthesis. Interestingly, however, our results also 
indicate that Nopp140 is involved in tumor suppression. We observed that melanotic tumors 
occurred in RNAi-expressing progeny that showed severe phenotypes. The tumors were not 
likely caused by the interruption of any endogenous gene in the genome by P-element insertion 
because these RNAi-expressing progeny came from different injected embryos with different 
insertion sites.  All these tumor-carrying progeny died before late pupae stage. Similar 
observations have been reported for mutations in the gene encoding the S6 ribosomal protein 
(Watson et al., 1992).  Flies heterozygous for S6 gene mutations displayed Minute syndrome, 
and the loss of S6 ribosomal protein gene caused growth inhibition in some tissues. However, 
loss of S6 did not cause cell lethality in the hematopoietic system, but instead led to lymph gland 
hyperplasia, precocious differentiation of plasmatocytes into lamellocytes, and melanotic tumor 
formation. This pleiotropic syndrome eventually leads to larval death. These results indicate 
similar pleiotropic functions for Nopp140: loss of Nopp140 by RNAi causes the formation of 
melanotic tumors.  
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Strong Over-expression of Nopp140-True and Nopp140-RGG in Drosophila Is Lethal 
This thesis showed that strong over-expression of either Nopp140-RGG or Nopp140-True in 
Drosophila is generally lethal. Malformed or disrupted nucleoli were commonly observed with 
the over-expression of both isoforms, and both isoforms were observed to disperse throughout the 
nucleus where nucleoli were disrupted.  When either isoform was expressed in a tissue-specific 
or developmental-specific manner, progeny displayed various phenotypes, including small body 
size, wavy wings, and larval and pupal lethalities. These results suggest that proper amounts of 
both Nopp140 variants are critical for normal development. The phenotypes caused by 
Nopp140-True over-expression are more severe than Nopp140-RGG. This suggests some 
difference of their functional contribution in Drosophila development. 
In the only Nopp140-True over-expression progeny that survived as normal adults, 
GFP-Nopp140-True all conjugated into clusters in the cytoplasm, leaving the nucleoli intact. One 
possibility is that the GFP-Nopp140-True cDNA was truncated as it entered the genome of the 
transgenic fly. The nuclear localization signal may be deleted from GFP-Nopp140-True fusion 
protein, thus preventing the transport of the GFP into the nucleus.  
Nopp140 Over-expression and RNAi Phenotypes Rescue Each Other in Drosophila 
This thesis also showed that exogenous expression of either GFP-Nopp140-RGG or 
GFP-Nopp140-True rescued the RNAi-induced loss of Nopp140 phenotypes. Conversely, the 
abnormal phenotypes caused by Nopp140-RGG and Nopp140-True over-expression were 
rescued by RNAi. GFP signals under fluorescence microscopy confirmed the co-expression of 
both GFP-Nopp140 variants and RNAi. These results suggest that proper amount of both 
Nopp140 variants are critical for Drosophila normal development. 
The rescue experiment between RNAi and exogenous Nopp140 variants over-expression 
confirmed that our RNAi-induced loss of Nopp140 variants is successful---the abnormal RNAi  
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phenotypes are caused by the specific knockdown of Nopp140. 
The fact that either Nopp140 variant could rescue the loss of Nopp140 phenotypes 
suggested some functional redundancy between the two splice variants of Nopp140. Additionally, 
the over-expression of GFP-Nopp140-True significantly rescued RNAi-induced abnormalities, 
conversely, the over-expression of GFP-Nopp140-RGG only partially rescued RNAi-induced 
abnormalities. Thus, these results indicated that the Nopp140-True is the functionally dominant 
Nopp140 isoform in Drosophila.  
Future Work 
This thesis showed that the loss of Nopp140 induced a complex set of Minute phenotypes in 
Drosophila. It is interesting to investigate how the ribosome production could be affected. Loss 
of Nopp140 may cause ribosome production below a threshold level (Lambertsson, 1998) in 
larval imaginal discs and pupal histoblasts, thus leading to leg, wing, and cuticle deformities in 
adults.  If on the other hand, ribosome production in Nopp140-deficient tissues is comparable to 
wild type levels at identical points in development, then novel nucleolar functions such as gene 
silencing, aging, cell cycle control, the processing of small non-nucleolar RNAs such as the 
telomerase RNA, the U6 small nuclear RNA, and the 7S RNA of the signal recognition particle, 
or poorly understood extra-nucleolar functions (e.g. Cajal bodies) may prove defective in the 
absence of Nopp140 (Olson, 2004; Pederson, 1998; Pederson and Politz, 2000; Visintin and 
Amon, 2000). 
Mutations introduced into the endogenous Nopp140 gene by homologous recombination or 
deletions caused by imprecise P-element excision may cause Minute phenotypes similar to those 
observed by RNAi-mediated knock down of Nopp140.  Introducing point mutations in the 
Nopp140 gene will further establish the Drosophila Minute syndrome as a model for the human 
TCS. 
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Phenotypes caused by the knock down of other nucleolar proteins that reportedly interact 
with Nopp140 (e.g. Nop56, fibrillarin) should not be additive in the expressivity of Minute 
phenotypes caused by the loss of only Nopp140.  Pull down assays will verify what other 
nucleolar proteins interact with Nopp140 in Drosophila.  RNAi-mediated knockdown of these 
other nucleolar proteins in a Nopp140-deficient background will then test if these interactions 
with Nopp140 are required for ribosome production in a single pathway (non-additive phenotypic 
effects) or in multiple pathways (additive phenotypic effects).  Results of this project will 
establish the molecular basis for observed variability in the Minute syndrome, and serve as a 
model for variable expression of TCS as observed in humans. 
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Appendix A. Chromosome Maps of All Nopp140 Over-expression and RNAi 
Transgenic Stocks  
 
Transgenic stocks Chromosome map Transgenic lines 
Chromosome 
map 
pUAST-Nopp140-RGG A2  pUAST-dsCom.B1 3 
pUAST-Nopp140-RGG A3 3 pUAST-dsCom.B2 3 
pUAST-Nopp140-RGG A4 #2 2 pUAST-dsCom.C1 3 
pUAST-Nopp140-RGG A5 2 pUAST-dsCom.C2 3 
pUAST-Nopp140-RGG A6 3 pUAST-dsCom.C3 3 
pUAST-Nopp140-RGG A7 3 pUAST-dsCom.C4 2 and 3 
pUAST-Nopp140-RGG A8 #4 Not X pUAST-dsCom.C5 3 
pUAST-Nopp140-RGG B2 3 pUAST-dsCom.C6 3 
pUAST-Nopp140-RGG B3 3   
pUAST-Nopp140-RGG C1 3 pUAST-dsRGG A1 3 
pUAST-Nopp140-RGG C2 2 pUAST-dsRGG A2 * 3 
pUAST-Nopp140-RGG C3 3 pUAST-dsRGG A3 X? 
pUAST-Nopp140-RGG D1 3 pUAST-dsRGG A4 2 
pUAST-Nopp140-RGG E1 3 pUAST-dsRGG A5 * Not 2 
pUAST-Nopp140-RGG E2 2 pUAST-dsRGG A6 2 
pUAST-Nopp140-RGG F3 3 pUAST-dsRGG A7 * Not 2 
pUAST-Nopp140-RGG G3  pUAST-dsRGG A8 2 
pUAST-Nopp140-RGG G4 2 pUAST-dsRGG A9 * 3 
pUAST-Nopp140-RGG H1 2 pUAST-dsRGG A10 3 
pUAST-Nopp140-RGG I1  pUAST-dsRGG A11 Not 3 
pUAST-Nopp140-RGG J1 X pUAST-dsRGG A12 3 
pUAST-Nopp140-RGG J4 X pUAST-dsRGG A13 2 
pUAST-Nopp140-RGG J5 X pUAST-dsRGG A14 2 
  pUAST-dsRGG A15 Not 3 
pUAST-Nopp140-True A1 3 pUAST-dsRGG A16 Not 3 
pUAST-Nopp140-True A2  X pUAST-dsRGG A17 3 
pUAST-Nopp140-True A3 2 pUAST-dsRGG A18 2 
pUAST-Nopp140-True A4 2 pUAST-dsRGG A19 3 
pUAST-Nopp140-True A5 2   
pUAST-Nopp140-True A6 X pUAST-dsTrue S1 2 
pUAST-Nopp140-True A7 2 pUAST-dsTrue S2 2 
pUAST-Nopp140-True A8 2 pUAST-dsTrue S3 3 
pUAST-Nopp140-True A9 2 pUAST-dsTrue S4 3 
pUAST-Nopp140-True A10 3? pUAST-dsTrue T1 2 
pUAST-Nopp140-True A11 2 pUAST-dsTrue T2 2 
pUAST-Nopp140-True A12 3 pUAST-dsTrue T3 2 
pUAST-Nopp140-True A13 X pUAST-dsTrue T4 2 
pUAST-Nopp140-True A14 X   
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pUAST-Nopp140-True B1 * 3   
pUAST-Nopp140-True B2 * 3   
pUAST-Nopp140-True B3 3   
pUAST-Nopp140-True B4 3   
pUAST-Nopp140-True B5 2   
    
pUASp-dsCom.K1 2 pUASp-dsTrue.A1 * 3 
pUASp-dsCom.K2 * 2 pUASp-dsTrue.A2 * 2 
pUASp-dsCom.K3 2 pUASp-dsTrue.A3 3 
pUASp-dsCom.K4 2 pUASp-dsTrue.A4 X 
pUASp-dsCom.K5 2 pUASp-dsTrue.A5 3 
pUASp-dsCom.M1 3 pUASp-dsTrue.B1 * 3? 
pUASp-dsCom.M2 3 pUASp-dsTrue.B2 3 
pUASp-dsCom.N1 * 3 pUASp-dsTrue.B3 * 3 
pUASp-dsCom.N2 * X pUASp-dsTrue.B4 * 3 
pUASp-dsCom.N3 * 3 pUASp-dsTrue.B5 * 3 
  pUASp-dsTrue.C1 3 
pUASp-dsRGG.E1 2 pUASp-dsTrue.C2 * 3 
pUASp-dsRGG.E2 * 3 pUASp-dsTrue.C3 3 
pUASp-dsRGG.E3 2 pUASp-dsTrue.D1 2 
pUASp-dsRGG.E4 2 pUASp-dsTrue.D2 2 
pUASp-dsRGG.F1 X and ? pUASp-dsTrue.D3 * 2 
pUASp-dsRGG.F2 3   
pUASp-dsRGG.F3 3   
pUASp-dsRGG.F4 * 3   
pUASp-dsRGG.G1 2   
pUASp-dsRGG.G2 2   
* denote homozygous lethality in the stock 
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Appendix B. Complete Genetic Cross Phenotypes 
 
red-eye daGAL4 (♀) ×pUAST-Nopp140-RGG(♂) 
A3  Larval lethality 
A4 #2 2/65 have slight defective tergites Normal progeny (but not too many) 
A5  Pupal and larval lethality 
A6  Early pupal and larval lethality 
A7  Larval and pupal lethality 
A8 #4  Larval lethality ( not too many larval) 
B2  Early pupal and larval lethality  
B3  Early pupal and larval lethality 
C1  Larval and pupal lethality ** 
C2  Early pupal and larval lethality 
C3  Larval lethality 
D1  Larval and pupal lethality, but not too many 
E1 2/85 show slight abnormal tergites Normal progeny (no lethality) 
E2  Early pupal and larval lethality 
F3 7/45 show slight fused tergites Normal progeny (no lethality) 
G3  Pupal and larval lethality 
G4  Larval and pupal lethality, but not too many 
H1 Severely deformed pupae Early pupal and larval lethality 
I1 Normal phenotype Normal progeny ( but a few larval lethality) 
J1 Normal phenotype  Normal progeny ( but a few larval lethality) 
J4  No progeny ( parents alive) 
J5  Normal progeny ( but a few larval lethality) 
red-eye daGAL4 (♂) ×pUAST-Nopp140-RGG (♀) 
A2   
A3 See deformed mini-pupae Pupal and larval lethality 
A4 #2 
Normal size, but 6/45 have deformed hind legs, 2/45 
have slightly fused tergites, 1/40 have defective mid 
and hind legs. 
Fairly normal progeny 
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A5  Early pupal lethality, and some larval lethality 
A6 See deformed mini-papae Early pupal and larval lethality 
A7  Early pupal and larval lethality 
A8 #4  Larval lethality 
B2 Show fused abdominal tergites, deformed left wings, badly deformed hind legs Pupal lethality, only 1 male eclosed 
B3  Early pupal and larval lethality 
C1  Pupal and larval lethality 
C2  Pupal lethality 
C3  Early pupal and larval lethality 
D1  Early pupal and larval lethality 
E1 3/70 have deformed hind legs, 1/50 has defective mid-leg. Normal progeny (no lethality) 
E2  Early pupal and larval lethality 
F3 3/55 have trimmed wings, 5/40 have defective wings Normal progeny (no lethality) 
G3  Larval and pupal lethality 
G4  Larval lethality 
H1  100% larval and pupal lethality 
I1  Early pupal and larval lethality 
J1 2 progeny/ looks normal Pupal and larval lethality 
J4  Pupal and larval lethality 
J5 Only 1 female eclosed, looks normal Early pupal and larval lethality 
red-eye daGAL4 (♀) ×pUAST-Nopp140-True(♂) 
A1 60 orange-eye female and 66 orange-eye male, eye colors are consistant Normal progeny all appears fine, no larval or pupal lethality 
A2  122 light-orange-eye and 3 red-eye male progeny All male progeny, no female progeny, no apparent larval or pupal lethality (embryonic lethality?) 
A3  Larval lethality but not too many larvae 
A4  Larval lethality 
A5 Looks like larval lethality, but too early to tell Sterile larvae 
A6  A few dead larvae but several adults eclosed 
A7  Larval lethality 
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A8  Larval lethality 
A9  Larval lethality 
A10  Larval lethality 
A11  Larval lethality 
A12  Larval lethality 
A13 44 orange-eye and 1 red-eye male progeny All male progeny, no female progeny 
A14 53 light-orange-eye male progeny All male progeny, no female progeny 
B1 18 orange-eye and 34 light-orange-eye female, 24 orange-eye and 31 light-orange-eye male Normal progeny 
B2 21 orange-eye and 41 light-orange-eye female, 28 orange-eye and 28 light-orange-eye male Normal progeny 
B3  Larval lethality 
B4  Larval lethality 
B5 Or: Larval lethality Larval and pupal lethality (many dead pupae) 
red-eye daGAL4 (♂) ×pUAST-Nopp140-True(♀) 
A1 2/101 show very slight tergites abnormal Normal progeny, no lethality 
A2  Larval lethality 
A3  Larval lethality in 1st instar stage 
A4  Larval lethality, very few larvae 
A5  Larval lethality in 1st instar stage 
A6  Larval lethality in 1st instar stage 
A7 Or: Normal progeny, no lethality, 2/101 show very slight tergites abnormal Larval lethality 
A8  Larval lethality 
A9 14 days later, see only 1st instar larval Larval lethality  
A10  Larval lethality 
A11  Larval lethality in 1st instar stage 
A12 14 days later, see only 1st instar larval Larval lethality 
A13 14 days later, see only 1st instar larval Larval lethality 
A14  Larval lethality 
B1  Normal progeny 
B3  Larval lethality in 1st instar stage 
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B4  Larval lethality in 1st instar stage 
B5 See deformed mini-pupae Pupal and larval lethality 
red-eye daGAL4 (♀) ×pUAST-dsCommon(♂) 
B1 ~85%  abnormal wings and ~10% fused tergites Parents are both normal in wings and tergites No lethality, but have abnormality 
B2 Messed up wings, fused tergites, some with abnormal legs No larval or pupal lethality, but have 100% abnormality 
C1 4/23 have slight fused tergites Normal progeny (no delay)// Or: No progeny ** 
C2 3/100 had abnormal wings/fused tergites No lethality, fairly normal progeny 
C3 Dead at early pupal stage Almost all pupal lethality, but a few larval lethality 
C4 20 days after cross, see a few early stage pupae and live larvae (development delay) Pupal and larval lethality 
C5  Normal progeny, no abnormality abserved 
C6 Or no progeny, lots of dead embryo(parents alive)  Normal progeny, no abnormality abserved  
red-eye daGAL4 (♂) ×pUAST-dsCommon(♀) 
B1  65/92 show defective in tergites, legs, wings (70.6%) Abnormal progeny 
B2  
Messed up wings, fused tergites, some 
with abnormal legs (26/27, 96.3%) 
Identical with reverse cross 
No larval or pupal lethality, but have 100% abnormality 
C1 4/50 have slight fused tergites 3/35 have slight fused tergites Normal progeny 
C2  8/80 have mild tergites fusion Fairly normal progeny, but there are a fair amount of pupal lethality 
C3   Pupal lethality, 25 days after cross, still no adult abserved 
C4   pupal and larval lethality, no progeny 25 days after cross,  
C5  17/90 show slightly tergites fusion (18.9%) Slight abnormal progeny 
C6 4/18 show slight fused tergites Normal progeny 
red-eye daGAL4 (♀) ×pUAST-dsRGG(♂) 
A1  No progeny ( parents alive) 
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A2  No progeny ( parents alive) 
A3 7/161 show weak abnormality in tergites (4.3%) Fairly normal progeny Or: no progeny ( parents alive) 
A4  Normal progeny 
A5  No progeny ( parents dead) 
A6  Normal progeny 
A7  No progeny ( parents dead) 
A8  Fairly normal progeny 
A9  Normal progeny 
A10  No progeny ( parents dead) 
A11  Normal progeny 
A12  No progeny 
A13  Fairly normal progeny 
A14  Normal progeny 
A15  Normal progeny 
A16  Normal progeny 
A17 ~3% have defective wings and tergites Fairly normal progeny 
A18 ~3% have defective wings and tergites Fairly normal progeny 
A19  No progeny (parents alive) 
red-eye daGAL4 (♂) ×pUAST-dsRGG(♀) 
A1   
A2 100% normal phenotype Normal progeny 
A3 100% normal phenotype Normal progeny 
A4 2/90 have abnormal wings Normal progeny 
A5 100% normal phenotype Normal progeny 
A6  Normal progeny 
A7 100% normal phenotype Normal progeny 
A8 100% normal phenotype Normal progeny 
A9 100% normal phenotype Normal progeny 
A10 100% normal phenotype Normal progeny 
A11 100% normal phenotype Normal progeny 
A12 100% normal phenotype Normal progeny 
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A13 100% normal phenotype Normal progeny 
A14 100% normal phenotype Normal progeny 
A15 1/131 has slight abnormal tergites Normal progeny 
A16 100% normal phenotype Normal progeny 
A17 100% normal phenotype Normal progeny 
A18 1/50 shows slight abnormal tergites, 1/50 shows shrunken wings Normal progeny 
A19 100% normal phenotype Normal progeny 
red-eye daGAL4 (♀) ×pUAST-dsTrue(♂) 
S1 4/41 have abnormal tergites, 1 male really messed up Fairly normal progeny 
S2 5/100 show defective tergites or wings (2.3 cross) Fairly normal progeny (no delay) 
S3 8/22 show tergites fusion, mostly mild (36.4%) Some abnormality 
S4 14/62 show mostly mild tergites fusion, 2-3 show shrinkled wings (22.6%) Some abnormality 
T1 2/12 showed defective tergites Some abnormality 
T3 3/108 progeny with mild abnormal wings or tergites (2.8%) Fairly normal progeny 
T4 2/13 show defective tergites and heldout wings //1/40 show slight abnormal tergites Normal progeny (no delay) 
red-eye daGAL4 (♂) ×pUAST-dsTrue(♀) 
S1  3/141 show slight abnormality (2.1%) Fairly normal progeny 
S2 55/55 look normal 1/45 has slight fused tergites Normal progeny (no delay) 
S3 2/144 show abnormality, 1 male had only 1 wings (1.4%) Fairly normal progeny 
S4  Normal progeny 
T1 56/56 are normal Normal progeny 
T2 2/88 have slight defective tergites Normal progeny 
T3  13/160 show abnormality mostly in tergites, some wings, one left eye is un-developed Fairly normal progeny 
T4 8/110 showed abnormality in legs, tergites and wings Fairly normal progeny 
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(7.3%)  
Red-eye daGAL4 (♀) ×pUASp-RNAi lines(♂) 
p-dsTrue.A1 3/22 slight abnormal tergites Fairly normal progeny, no lethality , no delay; /Possibly some late stage pupal lethality 
p-dsTrue.A2  No progeny ( parents dead, no embryo) 
p-dsTrue.A3 1/55 fused tergites Normal progeny, no lethality, no delay 
p-dsTrue.A4  Normal progeny, no lethality, no delay 
p-dsTrue.A5 1/50 slight fused tergites Normal progeny, no lethality, no delay 
p-dsTrue.B1  No progeny ( parents dead, no embryo) 
p-dsTrue.B2 35/35 normal Normal progeny, no lethality, no delay 
p-dsTrue.B3 30/30 normal Normal progeny, no lethality, no delay 
p-dsTrue.B4 40/40 normal Normal progeny, no lethality, no delay 
p-dsTrue.B5 20/20 normal Normal progeny, no lethality, no delay 
p-dsTrue.C1 1/35 fused tergites Normal progeny, no lethality, no delay 
p-dsTrue.C2  No progeny ( parents dead, no embryo) 
p-dsTrue.C3 1/30 deformed wings Normal progeny, no lethality, no delay 
p-dsTrue.D1 1/15 slight fused tergites Normal progeny, no lethality, no delay 
p-dsTrue.D2 40/40 normal Normal progeny, no lethality, no delay 
p-dsTrue.D3 Or: normal progeny, 4/25 slight fused tergites  No progeny ( parents dead, no embryo) 
p-dsRGG.E1 20/20 normal Normal progeny, no lethality, no delay 
p-dsRGG.E2 45/45 normal Normal progeny, no lethality, no delay 
p-dsRGG.E4 3/30 slight fused tergites Normal progeny, no lethality, no delay 
p-dsRGG.F1 30/30 normal Normal progeny, no lethality, no delay 
p-dsRGG.F2 1/50 deformed wings Normal progeny, no lethality, no delay 
p-dsRGG.F3 55/55 normal Normal progeny, no lethality, no delay 
p-dsRGG.F4 45/45 normal Normal progeny, no lethality, no delay 
p-dsRGG.G1 1/45 deformed wings Normal progeny, no lethality, no delay 
p-dsRGG.G2 2/50 abnormal wings Normal progeny, no lethality, no delay 
p-dsCom.K1 No one try to eclose Early and late pupal lethality(15 days after cross) 
p-dsCom.K2 2/10 abnormal wings Fairly normal progeny ( a few died at eclosion) 
p-dsCom.K3 5/15 abnormal wings Fairly normal progeny ( a few died at eclosion), but delayed development (15 days after cross, first 15 progeny just 
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eclose) 
p-dsCom.K4 No one try to eclose in 15 days after cross Early and late pupal lethality 
p-dsCom.K5 16/32 abnormal wings (shrink) 
Abnormal progeny, no delay (some died at eclosion and late 
pupal stage), the abnormal wings include opaque wings, a 
little shrink&small, but the wings edge is OK. 
p-dsCom.M1 1/20 slight abnormal tergites Normal progeny ( see 2 dead 2nd instar larvae) 
p-dsCom.M2 1/15 slight fused tergites Normal progeny, no lethality, no delay / see 3/80 dead late stage pupae 
p-dsCom.N1 1/30 deformed wings, 3/30 slight fused tergites Normal progeny, no lethality, no delay 
p-dsCom.N2 2/30 deformed wings Normal progeny, no lethality, (no delay ?) /see 5/150 died at eclosion 
Red-eye daGAL4 (♂) ×pUASp-RNAi lines(♀)                      (no delay: 12 days after cross, see adult progeny) 
p-dsTrue.A1 4/35 asymetric abdomen, but the ovary pair are symmetric Normal progeny, no lethality, no delay 
p-dsTrue.A2 Some wings flip outside, some asymmetric abdomen, 1/40 deformed wings and deformed mid/hind legs Normal progeny, no lethality, no delay 
p-dsTrue.A3 30/30 normal Normal progeny, no lethality, no delay 
p-dsTrue.A4 15/15 normal Normal progeny, no lethality, no delay 
p-dsTrue.A5 40/40 normal Normal progeny, no lethality, no delay 
p-dsTrue.B2 35/35 normal Normal progeny, no lethality, no delay 
p-dsTrue.B5 5/5 normal Normal progeny, no lethality, no delay 
p-dsTrue.C1 3/45 slight abnormal tergites, 1/45 shorter mid leg and small wings Fairly normal progeny, no lethality, no delay 
p-dsTrue.C2 15/15 normal Normal progeny, no lethality, no delay 
p-dsTrue.C3 50/50 normal Normal progeny, no lethality, no delay 
p-dsTrue.D1 54/54 normal Normal progeny, no lethality, no delay 
p-dsTrue.D2 60/60 normal Normal progeny, no lethality, no delay 
p-dsTrue.D3 1/15 slight fused tergites Normal progeny, (no lethality), no delay 
p-dsRGG.E3 15/15 normal Normal progeny, no lethality, no delay 
p-dsRGG.F2 1/23 slight fused tergites Normal progeny, no lethality 
p-dsRGG.F3 34/34 normal Normal progeny, no lethality, no delay. 
p-dsCom.K1 Lots died at later pupal stage, but no one try to Pupal lethality with some dead larvae 
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eclosion 
p-dsCom.K3 Or: progeny infertile? Normal progeny, but lots died at eclosion and late pupal stage 
p-dsCom.K4  No progeny ( parents dead, see 2 dead pupae, nothing else) 
p-dsCom.K5 10/45 abnormal wings,(5/45 wings with fluid bubble) Abnormal progeny ( lots of pupal lethality and died at eclosion) 
p-dsCom.M1 2/50 slight fused tergites Normal progeny, no lethality, no delay 
p-dsCom.M2 30/30 normal Normal progeny, no lethality, no delay 
p-dsCom.N1 1/25 fused tergites Normal progeny ( but see some short pupae and dead late stage pupae)  
p-dsCom.N2 3/30 slight fused tergites Normal progeny ( but lots died at eclosion and late pupal stage) 
p-dsCom.N3 20/20 normal Normal progeny, no delay (see 2 dead 2nd instar larvae and some dead late stage pupae) 
red-eye daGAL4 (♂)× RNAi/over-expression double-homozygous lines (♀) 
T-dsCom.B1 / RGG.C2   
T-dsCom.C1 / RGG.C2   
T-dsCom.C2 / RGG.C2 1/15 defective wings (shrunken) Some larval and pupal lethality, but there are many nomal progeny 
T-dsCom.C3 / RGG.G4  Larval and pupal lethality, see some late stage pupae 
T-dsCom.C5 / RGG.G4 2/40 defective wings (shrunken). Some female maybe sterile because of the stunt tip of abdomen 
Some larval and pupal lethality, but there are 
many nomal progeny  
pUAST-dsRGG.A6 / 
RGG.E1   
pUAST-dsRGG.A15 / 
RGG.E1 1/55 deformed wings Normal progeny, no lethality 
red-eye daGAL4 (♀) ×RNAi/over-expression double-homozygous lines (♂)               (see fluorescence images) 
T-dsCom.B1/RGG C2   
T-dsCom.C3/RGG G4 
MT’s had very abnormal nucleoli (either none at all 
or where nucleoli were visible, there was a lot of 
nucleoplasmic labeling) 




8641 white-eye daGAL4 (♀) ×pUAST-Nopp140-RGG(♂) 
RGG.G4 100% died at embry/1st/2nd instar stage 
8641 white-eye daGAL4 (♂) ×pUAST-Nopp140-RGG(♀) 
RGG.B2 100% larval and early pupal lethality 
RGG.E1 No lethality, adult show normal phenotype, but 4/50 show slightly fused tergites 
8641 white-eye daGAL4 (♀) ×pUAST-Nopp140-True(♂) 
True.A4 100% died at embryo/1st instar stage 
True.A9 100% died at embryo/1st instar stage( mostly died at embryo stage) 
8641 white-eye daGAL4 (♂) ×pUAST-Nopp140-True(♀) 
True.A5 100% died at embryo/1st/2nd instar stage( need to check if there is 3rd instar larvae) 
True.B5 12 days after cross, see only 2
nd/3rd instar instar(?) instar larve. Embryo/larvae(tiny) lethality, also, see a few dead tiny 
early pupae 
8641 white-eye daGAL4 (♀) ×pUAST-dsCommon(♂) 
T-dsCom.B1 13 days after cross, see early pupae only, 16 days after cross, see late pupae, no black spot in >150 larvae & pupae. 
T-dsCom.B2 Generally no lethality, 2/48 slight tergites abnormal, 47/48 severe wing deform, 8/48 hind leg deform,20/48 small body size( not sure), not much delay. 
T-dsCom.C2 No lethality, no abnormal phenotype (2/60 show abdominal under-development), no black spot in >100 larvae&pupae 
T-dsCom.C3 100% died at early pupal stage, not much delay, see black spot in 2/>100 larvae&pupae 
T-dsCom.C4 
100% died at larvae& early pupal stage( mostly died at different larval stage), development delay(14 days after cross, 
begin to see 3rd instar larvae), the 3rd instar larvae are smaller that w1118 progeny, 2/3 in length and not fat with tiny 
salivary gland, and strange chromosome shape from DAPI staining. 7/>150 larvae show black spot in hind of body. 
//melanotic tumor in different stage larvae, not restricted to posteria end. 
8641 white-eye daGAL4 (♀) ×pUASp-dsCommon(♂) 
p-dsCom.K1 23 days after cross, see late pupae, no adult, only 3/>100 died at eclosion, no black spot in >100 larvae and pupae 
p-dsCom.K4 7 days after cross, see 3rd instar larvae, 19 days after cross, see late pupae, no adult came out yet. See black spot flow in the hind of the body in 3rd instar & early pupae (10 />100). 
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/melanotic tumor in the 3rd instar larvae and early pupae, not restricted to posteria end. 
8641 white-eye daGAL4 (♀) ×pUAST-dsRGG(♂) 
T-dsRGG.A4 No lethality, 1/50 fused tergites, 1/50 wings marginal missing, 1/50 missing hind leg&abnormal mid-leg (all in different individuals), no black spot in >150 larvae & pupae. 
8641 white-eye daGAL4 (♀) ×pUAST-dsTrue(♂) 
T-dsTrue.S3 11 days after cross, see early pupae only, 13 days after cross, adult came out, 35/35 normal, no lethality 
T-dsTrue.T1 1/16 a hind-leg missing, all others normal /// 1/48 missing hind leg, 1/48 deform hind leg, 1/48 male missing pigment, 2/48 abnormal wings. 
8641 white-eye daGAL4 (♀) ×RNAi/over-expression double-homozygous lines (♂) 
T-dsCom.C3/TrueA4 
11 days after cross, see early pupae, no larval lethality,  16 days after cross, see adult, 19 days after cross, 1/13 
show abnormal tergites and opaque wings, 1 male/13 show dark abdomain & tergites lack of pigment, see 
early& late pupal lethality( 50/>200 dead late pupae, a few died at eclosion). 
T-dsCom.C3/True.A9 
11 days after cross, see early pupae, no larval lethality, 16 days after cross, see adult, 19 days after cross, lots of 
dead early & late pupae, 5 male and 1 female /21 are relatively small, and with abnormal 
smaller/under-developed abdomen, the female has opaque wings, 2 male show lack of pigment. 
T-dsCom.C4/RGG.G4 11 days after cross, see early pupae, no larval lethality, 16 days after cross, see early pupae only, 19 days after cross, see a few late pupae, and lots of dead early pupae. 




5076-GAL4 (♀) ×pUAST-Nopp140-RGG(♂) 
A2 2/15 have fused tergites A few progeny are OK and several fail to eclose 
A3 Small body, defective legs, fused tergites, wings are OK Fail to eclose, only1 male eclosed 
A4 #2 10 female are OK, 6 male may look a bit small Normal progeny 
A5 16/16 progeny  are all small and have defective legs, but tergites and wings are OK Many pupae, some eclosed 
A6 12/20 have fused tergites Normal progeny, no trouble eclosing 
A7  Extremely slow development, 20 days after cross, there are 
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few pupae and lots of larvae, later, fail to eclose 
A8 #4  Extremely slow development, 20 days after cross, there are 1 pupae and lots of larvae 
B2 6/6 all have small bodieds, 5/6 have defective legs, 2/6 have fused tergites Some fail to eclose, not too many pupae 
B3 1/47 has fused tergites Normal progeny 
C1 40 came out normal, 16 died at eclosion Some fail to eclose, most came out  with normal size 
C2  A few fail to eclose, but many eclosed and look normal, some have abnormal hind legs 
C3  A few pupae, lots of larvae 20 days after cross, 1 fail to eclose 
D1 2 male and 2 female are all tiny size Tiny progeny 
E1 2/12 have fused tergites, legs are OK Normal progeny 
E2 2/65 have slightly fused tergites Normal progeny, no trouble eclosing 
F3  Normal progeny 
G3 14 female all have fused tergites or opaquish wings, or defective hind legs, no male progeny Pupal lethality and fail to eclose, but several female eclosed 
G4  Fail to eclose, only 1 female eclosed with fused tergites 
H1 7 females have fused tergites and wings look opaquish grey Fail to eclose,  but some eclosed with the hind legs OK 
I1 >50% of female have fused tergites, all male are OK Normal progeny, no trouble eclosing 
J1 2/22 (20 male are fine, 2 female both have defective hind legs) Normal progeny, 1 has trouble eclosing, 
J4 7/30 had abnormal legs, 1 has fused tergites A few fail to eclose, still many adult progeny  
5076-GAL4 (♂) ×pUAST-Nopp140-RGG(♀) 
A2 all small size (half the size as their parentsa),  tergites are OK, the hind legs are short and cruched Some fail to eclose,  but 10 adult eclosed 
A3  Larval and pupal lethality 
A4 #2  Larval lethality 
A5  Larval lethality, only see 1 pupa 
A6 Small body size Larval and pupal lethality, but 1 female eclosed 
A7  Larval lethality 
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A8 #4  Pupal lethality, fail to eclose 
B2  Larval and pupal lethality 
B3 All small size, tergites and legs are fine. Fail to eclose, but 3 female eclosed 
C1  Larval and pupal lethality ** 
C2  Several pupae, all dead, no adult progeny 
C3  Pupal lethality, fail to eclose 
D1 Most died at 1st instar stage Larval lethality 
E1 All 3 have tiny size, but normal legs and tergites Pupal lethality, only 3 progeny eclosed 
E2  Larval lethality, but see a few pupae 
F3  Larval lethality 
G3  Larval and pupal lethality 
G4  Larval and pupal lethality 
H1  Larval and pupal lethality 
I1  Larval lethality 
J1 All have small body size Mostly pupal lethality, fail to eclose, only 6  eclosed 
J4 Small body size, with normal tergites and legs A few pupae, many larvae, only 1 female eclosed 
J5  Pupal lethality, 1 fail to eclose 
5076-GAL4 (♀) ×pUAST-Nopp140-True(♂) 
A1  Normal progeny (no lethality) (12 days after cross) 
A2  Some larval lethality, but those eclosed lookes normal, no pupal lethality 
A3 Some died at eclosing Pupal and larval lethality 
A4 Some died at eclosing Pupal and larval lethality 
A5  Normal progeny 
A7 Some died at eclosing Pupal lethality 
A8   
A9 Some died at eclosing Normal progeny 
A10 Two miniflies eclosed with shorter abdomen Some died at eclosing Early pupal and larval lethality 
A11 Some died at eclosing Pupal and larval lethality 
B3 1 minifly eclosed with shorter abdomen Some died at eclosing Pupal and larval lethality 
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B5  Normal progeny 
5076-GAL4 (♂) ×pUAST-Nopp140-True(♀) 
A1  Normal progeny 
A2  Pupal and larval lethality, can not eclose 
A3 Survival progeny looks normal Pupal lethality, can not eclose, only 1 male and 1 female eclosed 
A4 13 days after cross, see some late pupae and dead pupae Delayed development 
A5 Survival progeny looks normal Pupal lethality, can not eclose, but 1 female eclosed 
A6 Survival progeny looks normal Pupal lethality, but 3 male and 2 female came out 
A9  Pupal lethality 
A10 A few died at eclosing Normal progeny 
A11 14 days after cross, see early pupae Delayed development 
A12 13 days after cross, see early pupae Delayed development 
A13  Pupal lethality, can not eclose 
A14 1 female eclosed with normal size See pupal lethality  
B2 100% normal phenotype Normal progeny 
B3 Survival progeny looks normal Pupal lethality, but 1 male and 1 female came out 
B4 Progeny are smaller Some died at eclosing Relatively normal progeny 
B5  Normal progeny 
5076-GAL4 (♂) ×pUAST-dsCommon(♀) 
B1 100% normal phenotype Normal progeny 
B2 1/90 show shrunken wings Normal progeny 
C1 2/70 slight abnormal tergites Normal progeny 
C2 2/85 slight fused tergites, 1/85 shrunken wings Normal progeny 
C3 100% normal phenotype Normal progeny 
C4 2/35 have shrunken wings Some late pupal lethality (turn dark) Normal progeny (?) 
C5 1/60 has slight abnormal tergites Normal progeny 
C6 4/85 show slight fused tergites Normal progeny 
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5076-GAL4 (♂) ×pUAST-dsTrue(♀) 
S1 100% normal phenotype Normal progeny(no delay) 
S2 100% normal phenotype Normal progeny(no delay) 
S3 100% normal phenotype Normal progeny(no delay) 
S4 100% normal phenotype Normal progeny(no delay) 
T1 100% normal phenotype Normal progeny(no delay) 
T2 100% normal phenotype Normal progeny(no delay) 
T3 100% normal phenotype Normal progeny(no delay) 
T4 100% normal phenotype Normal progeny(no delay) 
 
Other crosses 
♀ ♂  
Act5C/CyO T-dsCom.C3 All progeny are with CyO, seems all Act5C/T-dsCom.C3 progeny may died at larvae & early pupal stage, see black spot in the hind body of 2/50 larvae. 
Yellow-GAL4 RGG.B3 Wavy wings, no lethality 
Yellow-GAL4 True. ? Small body size, no lethality 
 
Other crosses 
♀ ♂  
6870-GAL4. T-dsCom.C5/RGG G4 See fluorescence images 
pCOG -GAL4  T-dsCom.C3/RGG G4 See fluorescence images 
5076-GAL4 T-dsCom.C2/RGG C2 See fluorescence images 
1803-GAL4  T-dsCom.C1/RGG C2 See fluorescence images 
red-eye daGAL4 T-dsCom.B1/RGG C2 See fluorescence images 
5076-GAL4  DsRed See fluorescence images 
 
Others 
In P.p-dsCom.K1/ P.p-dsCom.K1,TM3/+ flies 1 male with only 1 wing, the other did not develop at all. (9/20/05) 
In T-dsComC6/TM3 progeny from 
T-dsComC6 crossed with TM3/Et50 See deformed wings with high penetrance 
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In the p-dsCom.K5 stock 1 male out of 50 flies with only 1 wings, abnormal tergites, and short bristle (maybe induced by heatshock) 
In the p-dsTrue.D1 stock 8/50 show abnormal wings 
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